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ABSTRACT 

The binding of [JH]flunitrazepam (FLU) to membranes prepared 

from mammalian brain, retina and kidney was investigated by means of 

conventional filtration assay techniques. In the mouse brain a study 

of the ontogeny of [ H]FLU binding was conducted. Specific 

[ H]FLU binding was present early in development and there was a 

rapid increase in receptor density (Bmax) during the first 2 weeks of 

neonatal life. This increase could be described by the function, 
1/ y 1 

a'e , where a = 1.8 pmol/brain, k = 0.23 weeks and x = time 
O 

in weeks (r = 0.98). By 3-4 weeks of age, adult levels of [ H]FLU 

binding were reached (~115 fmol/mg tissue). Notable changes in the 

equilibrium dissociation constant (K^) during development were not 

observed. 

Y-Aminobutyric acid (GABA) has previously been shown to 

increase the affinity of [ H]FLU binding in the adult rat brain; in 

the present studies this effect was shown to be present throughout the 

development of the mouse brain. Kinetic analyses of the GABA 

enhancement of [ H]FLU binding indicated that the change in was 

due to a decrease in the rate constant of dissociation (k_^). 

[ H]FLU binding has been shown to occur in the mammalian 

retina and it has all the characteristics of cerebral [ H]FLU 

binding. Monosodium glutamate (MSG) is toxic to retinal neurons and 

it was used to ascertain the putative cellular localization of retinal 

BZD binding sites. Nine weeks following neonatal MSG administration, 

i x  



histologic evidence showed the virtual absence of ganglion cells and a 

marked reduction in the number of inner nuclear neurons in MSG 

retinae. A corresponding 73 percent decrease in GABA content and a 77 

percent decrease in the Bmax of [3H]FLU were found in the retinae 

from MSG treated rats as compared to controls. There were no 

significant changes in [3H]FLU binding in the cerebella, cerebral 

cortices and hypothalami from MSG treated rats. 

The binding of [3H]FLU was characterized for the rat kidney. 

Binding was specific, saturable and of moderately high affinity (Bmax, 

-320 fmol/mg tissue; Kd' -11 nM). Drug specificity studies with 

renal membranes showed that the inhibition of [3H]FLU binding by 

various BZD's did not correlate either with their pharmacologic 

potency as anxiolytic agents or with their potency as inhibitors of 

[3H]FLU binding in the brain. An intrarenal distribution of 

specific [3H]FLU binding was found in the bovine kidney; specific 

binding was greatest in the outer cortex and virtually absent in the 

medulla, the m)nor calyx and the renal artery. In rats made 

hypertensive by simultaneous deoxycorticosterone acetate and NaCl 

administration, there was a significant 35-43 percent increase in the 

Bmax of renal [3H]FLU binding. Binding in the cerebral cortex of 

these animals was unchanged. 

The inhibition of [3H]FLU binding by a triazolopyridazine (CL 

218,872) was studied in membranes prepared from bovine retina, rat 

cerebral cortex, cerebellum and kidney. The affinity of CL 218,872 

for the inhibition of [3H]FLU binding was greatest in the cerebellum, 

X 



followed by the retina, cerebral cortex and kidney (60, 150, 200, and 

1,800 nM, respectively). The slope factors (Hill coefficients) were 

-1 for the kidney, -0.9 for the cerebellum and -0.7 for the cerebral 

cortex and retina. A nonlinear least squares regression analysis of 

the data from the cerebral cortex, retina and cerebellum gave an 

excellent fit for a model containing 2 binding sites. In washed 

xi 

membrane preparations from the cerebral cortex, cerebellum and retina, 

K. values for CL 218,872 were significantly decreased an average of 
1 

60 percent in the presence of 100 ~M GABA. (+)Bicuculline could 

antagonize this effect of GABA. GABA had no effect upon the Ki of 

CL 218,872 in renal membranes. 



CHAPTER 1 

INTRODUCTION 

Diazepam, chlordiazepoxide, flurazepam, oxazepam, clonazepam, 

lorazepam, nitrazepam, flunitrazepam the list continues for the 

generic names for one of the most successful classes of drugs ever 

introduced, the benzodiazepines. First synthesized by Sternbach and 

his colleagues in 1955 and first marketed in 1960, the benzodiazepines 

are renowned for their low toxicity and their potent 

sedative-hypnotic, muscle relaxant, anticonvulsant and anxiolytic 

effects (see Sternbach, 1978). Yet despite their ubiquitous use, 

remarkably little is known about their mechanism(s) of action. The 

lack of information does not reflect upon the amount of research that 

has been devoted to the benzodiazepines. From the time the first 

benzodiazepine was marketed, in 1960, until 1973, approximately 2,000 

papers were published on this class of drugs. These papers covered 

various aspects of the benzodiazepines, such as their chemistry, 

behavioral effects, clinical studies, etc. Much of this work has been 

summarized by Greenblatt and Shader (1974) and by Garrattini et al. 

(1973). As alluded to, little of this early work offered to explain 

how the benzodiazepines worked, however in subsequent years 

significant advances were made such that the Mechanism of Action of 

Benzodiazepines was the title of a book by Costa and Greengard (1975). 

A convincing mechanism of action was still lacking but several 

lines of evidence suggested that the benzodiazepines were augmenting 

1  
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the activity of inhibitory processes in the central nervous system. 

For example, several groups of workers had established that the 

benzodiazepines enhanced presynaptic inhibition in the spinal cord 

(Schmidt et al., 1967; Schlosser, 1971; Stratten and Barnes, 1971). 

In addition, it was observed that the benzodiazepines depressed the 

amplitude and the latency of the amygdalo-hippocampal evoked 

potential; furthermore, this inhibition was dose-dependent, was 

related to therapeutic potency and was qualitatively different from 

other depressant drugs (Jalfre et al., 1971). As physiologic evidence 

accumulated that Y-aminobutyric acid (SABA) and glycine were the 

likely mediators of inhibitory neurotransmission, it was apparent that 

the mechanism of action of the benzodiazepines might be related to the 

activity of these amino acids. 

The first evidence linking the pharmacologic effects of the 

benzodiazepines with GABA were reports by Banna et al. (1974) and by 

Pole et al. (1974). These workers found that in the spinal cord 

enhancement of presynaptic inhibition by diazepam could be blocked by 

lowering the endogenous GABA concentrations with thiosemicarbazide, an 

inhibitor of glutamate decarboxylase. Reversal of the effects of 

thiosemicarbazide with pyridoxine hydrochloride resulted in a return 

of the enhancement of presynaptic inhibition by diazepam (Banna et 

al., 1974). Elevating endogenous GABA concentrations with 

aminooxyacetic acid, an inhibitor of GABA transaminase, was associated 

with an increased level of presynaptic inhibition which was further 

enhanced with diazepam (Pole et al., 1974). Importantly, the GABA 

antagonist, bicuculline, could block the effects of diazepam on 
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presynaptic inhibition in a competitive manner (Pole et al., 1974). 

Although it was unknown to be a physiologic GABA antagonist at the 

time, picrotoxin had previously been shown to antagonize the effects 

of diazepam on presynaptic inhibition (Stratten and Barnes, 1971). 

Other reports on the GABA-benzodiazepine connection soon 

followed but they were not in complete agreement. Zakusov et al. 

(1975) found that diazepam increased postexcitatory inhibition in the 

cerebral cortex of cats and rats. This effect was antagonized with 

bicuculline and could be duplicated by increasing brain GABA 

concentrations with valproic acid, an inhibitor of GABA transaminase. 

In biochemical studies of the effects of GABA and various drugs on the 

concentrations of cerebellar GMP Costa et al. (1975) concluded that 

benzodiazepines acted by facilitating GABAergic neurotransmission. 

Gahwiler (1976) and Steiner and Felix (1976) using electrophysiologic 

techniques came to the opposite conclusion and reported that the 

benzodiazepines acted as GABA antagonists. Other workers felt that 

the pharmacologic effects of the benzodiazepines were mediated by 

serotonergic mechanisms, cholinergic mechanisms or by glycine 

receptors in the central nervous system (see Costa and Greengard, 

1975). 

In subsequent years the view that the benzodiazepines acted by 

way of the GABAergic system prevailed. In the dorsal column nuclei it 

was found that the benzodiazepines enhanced both pre- and postsynaptic 

inhibition and that the effects of the benzodiazepines could be 

blocked with picrotoxin (Pole and Haefely, 1976). Utilizing single 

unit recording from the brain stem of anesthetized rats, Dray and 



Straughan (1976) found that the benzodiazepines depressed neuronal 

firing, acting somewhat like GABA mimetics. More importantly they 

found that the depressant effects of the benzodiazepines could be 

antagonized with bicuculline but not with the glycine antagonist, 

strychnine {Dray and Straughan, 1976). These observations 

corroborated the earlier findings that the benzodiazepines did not 

enhance certain types of postsynaptic inhibition in the spinal cord 

where glycine is the alleged neurotransmitter (Schmidt et al., 1967; 

Stratten and Barnes, 1971; Pole et al., 1974). Using similar 

techniques and recording from the sensorimotor cortex, Kozhechkin and 

Ostrovskaya (1977) found that chlordiazepoxide could depress 

glutamate-evoked firing and that when applied simultaneously with 

GABA, their actions were synergistic. Other reports found that the 

benzodiazepines enhanced GABA mediated recurrent inhibition in 

hippocampal pyramidal cells (Wolf and Haas, 1977), in pyramidal cells 

of the cerebral cortex (Raabe and Gumnit, 1977), in Purkinje cells of 

the cerebellum and in cell cultures of tuberal hypothalamic neurons 

(Geller et al., 1978). Again the last study found that diazepam 

enhancement of recurrent inhibition could be antagonized with 

picrotoxin and that both glycine and norepinephrine mediated 

inhibition were not affected by diazepam (Geller et al., 1978). 

Convincing evidence that the benzodiazepines had postsynaptic 

effects and could potentiate the actions of GABA came from studies of 

chick spinal cord cell cultures (Choi et al., 1977). Using 

intracellular recording techniques, neurons were found which 

depolarized with the application of either GABA or glycine; these 
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responses could be antagonized with bicuculline and strychnine, 

respectively. Choi et al. (1977) found that chlordiazepoxide markedly 

enhanced the GABA response while having no effect on the glycine 

response. Additionally, chlordiazepoxide alone did not affect the 

resting membrane potential, however, it could increase the magnitude 

of submaximal GABA responses. Their results could not be explained by 

decreased reuptake or by enhanced release of endogenous GABA {Choi et 

al., 1977). Similar findings were made by MacDonald and Barker (1978) 

using cell cultures of fetal mouse spinal cord. 

Except for the studies by Costa's group nearly all the evidence 

supporting the theory that the benzodiazepines facilitated GABAergic 

neurotransmission had been garnered by electrophysiologic techniques. 

Until 1977, biochemical studies had been less productive but they 

helped eliminate some of the possible mechanisms by which the 

benzodiazepines might be affecting GABAergic synapses. For example, 

using [ H](+)bicuculline as a label for GABA receptors Mohler and 

Okada (1977b) found that diazepam and chlordiazepoxide did not 
o 

interact directly with [ H](+)bicuculline binding sites. These 

findings corresponded with the majority of electrophysiologic studies 

which indicated that the benzodiazepines lacked intrinsic GABA mimetic 

activity and that the benzodiazepines required the presence of 

adequate endogenous GABA levels to be effective. Other studies found 

that the benzodiazepines had weak or variable effects on GABA uptake 

(Harris et al., 1973; Iversen and Johnson, 1971), on GABA release 

(01 sen et al., 1977) and on GABA transaminase (Sawaya et al., 1975). 
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As the conceivable mechanisms for the facilitation of GABAergic 

neurotransmission were eliminated the view developed that the 

benzodiazepines acted at a site distinct from the GABA receptor, yet 

close enough to affect events occurring as a consequence of 

GABA-receptor activation; i.e. the activation of chloride 

conductance. This hypothesis was partially verified by the discovery 

of reversible, high affinity [ H]diazepam binding to brain tissue 

from rats and humans (Squires and Braestrup, 1977; Mohler and Okada, 

1977c; Braestrup et al., 1977; Bosmann et al., 1977). Similar 

findings were made using [ H]flunitrazepam (Bosmann et al., 1978; 

Speth et al., 1978). Importantly, the binding of these tritiated 

benzodiazepines to brain membranes was specific: it was not displaced 

by reasonable concentrations of a number of known neurotransmitters, 

including GABA, or by other psychoactive drugs, including other types 

of sedative-hypnotics (Braestrup and Squires, 1978; Speth et al., 

1978). Furthermore, excellent correlations were demonstrated between 

in vivo measures of the potency of various benzodiazepines and the in 

vitro ability of the same benzodiazepines to inhibit 

3 3 [ H]flunitrazepam or [H]diazepam binding (Mohler and Okada, 

1977c; Braestrup and Squires, 1977; Mackerer et al., 1978; Speth et 

al., 1978). The specific binding of [ Hjdiazepam and 

3 [ H]flunitrazepam showed a regional distribution in the central 

nervous system (Braestrup et al., 1977; Speth et al., 1978) and was 

enriched in synaptosomal membrane preparations (Bosmann et al., 

3 3 1978). In vivo binding of [H]flunitrazepam and [ H]diazepam was 
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reported {Chang and Snyder, 1978; Williamson et a!., 1978), including 

an interesting study using positron emission tomography which 

11 demonstrated specific [ Cjflunitrazepam localization in the brains 

of live baboons (Comar et al., 1979). In addition to the above, 

evidence that the binding of [ H]diazepam was to a biologically 

relevant substrate was inferred by its sensitivity to heat, to pH and 

to various proteolytic enzymes (Mohler and Okada, 1977a; Braestrup and 

Squires, 1977). 

Although the demonstration of specific binding sites seemed to 

provide a rationale for some of the unique pharmacologic properties of 

the benzodiazepines, the initial studies did not explain the 

relationship of these sites to GABAergic neurotransmission. As 

previously discussed, the early studies reported that GABA and its 

agonists and antagonists did not inhibit the binding of [ H]diazepam 

or [ H]flunitrazepam; however a reexamination of this revealed that 

GABA caused a marked stimulation of tritiated benzodiazepine binding 

(Tallman et al., 1978; Wastek et al., 1978; Briley and Langer, 1978). 

3 3 The enhancement of [ H]diazepam or [ H]flunitrazepam binding was 

dose dependant, could be blocked with the GABA antagonist, 

bicuculline, and was due to an increase in affinity. These findings 

were highly significant since they indicated that at least one aspect 

of the GABAergic system, possibly a receptor, was associated with the 

benzodiazepine binding site and thus a connection could be established 

between the earlier electrophysiologic observations and the current 

biochemical studies. Another important finding was the observation 
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g 
that chloride ion could also enhance [ H]diazepam binding (Costa et 

al., 1979). Electrophysiologically, activation of GABA receptors is 

associated with an increase in chloride conductance, hence the concept 

of a functional association of a GABA receptor-benzodiazepine binding 

site-chloride ionophore was realized. 

The preceding introduction effectively summarizes the knowledge 

of the mechanism of action of the benzodiazepines that was known when 

research for the present dissertation was initiated. Since that time 

the number of papers dealing with the benzodiazepine receptor has 

virtually exploded (for a review see Tallman et al., 1980); therefore, 

the pertinent literature will be considered as it relates to the 

individual studies to be described. The intent of this dissertation 

research was to increase our understanding of the various 

[ H]flunitrazepam binding sites with the hope of gaining clues to 

the molecular mechanisms of action of the benzodiazepines. A common 

theme which runs through these studies is the following: to conduct a 

careful characterization of the parameters of [ H]flunitrazepam 

binding in the given tissue; to determine the extent of the GABA 

enhancement of [H]flunitrazepam binding and finally to determine 

the possible physiologic relevance or cellular localization of the 

benzodiazepine binding site. While all of these issues were not 

always answered or even addressed in a given study, in most cases, 

resolution of one or more of them was achieved. 



CHAPTER 2 

THE DEVELOPMENT OF [3H]FLUNITRAZEPAM BINDING 

IN THE MOUSE BRAIN AND ITS MODULATION BY GABA 

Developmental studies have been a traditional tool used by 

pharmacologists and biochemists to gain insights into the possible 

physiologic and medical significance of a particular problem. For 

example, studies of the development of surfactant secretion by type II 

cells of the lung indicates that the respiratory distress syndrome in 

premature neonates may be an expression of normal physiological 

development since the capacity to secrete adequate amounts of 

surfactant does not appear until late in gestation (Gluck et al., 

1972). With regard to pharmacology, understanding the developmental 

pharmacology of a given drug can have important consequences for its 

proper therapeutic use. In addition, such studies may reveal details 

about the mechanism of action of a drug. 

Studies of the development of various receptor systems have 

shown that alterations in receptor number, and/or affinity, usually 

occur as a consequence of normal physiologic processes. As an 

example, the murine brain undergoes extensive growth, myelination and 

development of dendritic processes in the early neonatal period 

(Roberts et al., 1951; Rabinowicz et al., 1977). In this same time 

period a number of receptors in the brain undergo development, 

including: the GABA receptor (Coyle and Enna, 1976); the muscarinic 

acetylcholine receptor (Coyle and Yamamura, 1976); the striatal 

9  
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dopamine receptor (Pardo et al., 1977); the e-adrenergic receptor 

(Harden et al., 1977); and the estrogen receptor (Plapinger and 

McEwen, 1973). In contrast, the estrogen receptor of the mouse 

mammary gland undergoes a delayed development, coinciding with the 

onset of puberty and the physiologic maturation of this tissue 

(Muldoon, 1979). The present study of the development of 

[ H]flunitrazepam binding was conducted to determine whether it 

conforms to the general pattern of neurotransmitter receptor 

development, or more specifically, to that of an individual receptor. 

At the outset of this project the only studies of the SABA 

enhancement of tritiated benzodiazepine binding were in membranes 

preparea from adult brain tissue; therefore the present studies 

included determinations of the GA8A effect on [ H]flunitrazepam 

binding at various times throughout the development of the mouse 

brain. In addition the kinetics of the GABA enhancement of 

[ H]flunitrazepam binding were examined in detail. 

Methods 

Treatment of Animals and Membrane Preparation. Adult mice of 

the CD-I strain (outbred albino) were purchased from Charles River 

Breeding Laboratories, Inc., and were housed in the animal colonies of 

the University of Arizona Health Sciences Center. The mice were given 

food and water ad libitum and were maintained on a normal lighting 

schedule. Timed pregnancies and the length of gestation were 

determined by the methods of Wildenthal (1973). The pregnant females 
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were examined twice a day for births. In the course of this study, we 

developed a correlation between brain weight and gestational age. 

The mice were sacrificed by cervical dislocation followed by 

decapitation. The whole brain, including the rhombencephalon, was 

removed, weighed, and then frozen at -20°C. Observations in our own 

laboratory and those published support the notion that freezing brain 

tissue does not alter the characteristics of the benzodiazepine 

receptor (Braestrup and Squires, 1977). Brain tissue (0.5-1.0 grams) 

was placed in 20 volumes of 0.25 M sucrose {pH 7.4) and was 

homogenized in a Brinkmann Polytron. The brains of fetal littermates 

were pooled but in no case were fractional parts of brains used. 

The initial homogenate was termed a whole homogenate. In 

studies with washed membrane preparations or with supernatants, the 

following procedure was used. The whole homogenate was centrifuged at 

48,000 x g for fifteen minutes to give a supernatant (S^) and a 

pellet. This pellet was resuspended in the original volume of 0.25 M 

sucrose, rehomogenized, and centrifuged again at 48,000 x g for 

fifteen minutes; the resulting pellet, when resuspended in the 

original volume of buffer, was defined as consisting of once washed 

membranes. For a suspension consisting of twice washed membranes, the 

suspension of once washed membranes was recentrifuged and resuspended 

according to the preceding conditions. Hereafter, a suspension 

consisting of twice washed membranes in 0.25 M sucrose buffer will 

simply be referred to as twice washed membranes. 
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Binding Assays. The measurement of total receptor binding was 

made by incubating 0.1 ml of homogenate (1-5 mg wet weight of tissue) 

in a Krebs-Ringer bicarbonate buffer (Keesey et al., 1965) at 0-4°C 

in the presence of varying concentrations of [ Hjflunitrazepan (84.4 

Ci/mmole) and in a total volume of 2.0 ml. To determine nonspecific 

binding, homologous assays also contained a final concentration of 1.0 

uM unlabeled clonazepam. Specific binding was taken as the difference 

between total and nonspecific binding. The samples were incubated for 

two hours and the incubations were terminated by filtration over 

Whatman GF/B glass fiber filters followed by three 5 ml rinses with 

ice cold Krebs-Ringer solution. The filters were subsequently placed 

in liquid scintillation vials and 8 ml of scintillation solution 

{consisting of 1 1 Triton X-100, 2 1 toluene, and 16 grams Omnifluor) 

were added to the vials. The samples were allowed to extract for 12 

hours and the radioactivity was then determined from liquid 

scintillation spectroscopy (Searle Analytic 92, average efficiency 43 

percent). All the assays were done in duplicate and on ice; the 

filtrations were conducted in a cold room at 4-6°C. Saturation 

studies were initially effected with eleven concentrations of 

[ Hjflunitrazepam between 0.02 and 33 nM. It was found, however, 

that virtually the same results were obtained with six concentrations 

of [ Hjflunitrazepam between 0.1 and 5 nM; therefore, all subsequent 

saturation studies were done with six concentrations of ligand. 

For experiments in which GABA or (+)bicuculline were used, the 

respective solutions were made up immediately prior to the assay. 

(+)Bicuculine was dissolved in absolute ethanol and in control 
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saturation experiments, a final concentration of 5 percent ethanol was 

found to be without effect on the binding of [ H]flunitrazepam. 

Total and nonspecific binding were determined as described previously 

with a final concentration of either 10 uM GABA or 100 yM 

(+)bicuculline. 

Kinetics. Association kinetics were determined under 

pseudo-first order conditions (with respect to drug concentration) by 

measuring total and nonspecific binding at eleven time intervals 

between 2 and 120 minutes. Rate constants of association (k+^) were 

calculated from an equation for a reversible second order reaction as 

described by Bennett (1978). 

The dissociation kinetics presented in Table 3 were determined 

by the addition of excess clonazepam (final concentration, 1 pM) to 

assays that had reached equilibrium (2 hours). The dissociation 

kinetics that are presented in Figure 4 represent a more detailed 

study that used slightly different methods as compared to the rest of 

the experiments described in this study. The methods used for the 

experiments depicted in Figure 4 are as follows. Ten adult male mouse 

brains were homogenized in 20 volumes of 0.32 M sucrose, and the 

homogenate was centrifuged at 750 x g for 10 minutes. The resulting 

pellet was discarded, and the supernatant was centrifuged at 48,000 x g 

for 15 minutes to give a crude P^ fraction. The crude P^ fraction 

was resuspended in the original volume of 0.32 M sucrose and the 

suspension was centrifuged again at 48,000 x g for 15 minutes. This 
j 

process was repeated twice again and the final pellet, consisting of 

three times washed crude Pg membranes, was resuspended in the 
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original volume of 0.32 M sucrose: a sample of this suspension was 

taken for a saturation isotherm and the rest was split into 5.0 ml 

aliquots and frozen at -20°C until use. 0.05 ml (18 fmol of receptor) 

or 0.10 ml aliquots of freshly thawed Pg suspension were assayed for 

total binding; except at various times, up to 60 minutes after the 

initial ninety minute incubation, a large excess of clonazepam (1.0 

pM) was added to the assays, and the assays were terminated after a 

total elapsed time of 150 minutes. The final concentration of 

[ H]flunitrazepam was 1.0 nM and nonspecific binding was determined 

in homologous assays that contained 1.0 yM unlabeled clonazepam for 

the length of the incubation. Rate constants of dissociation (k 

were calculated from an equation describing simple exponential decay 

(Bennett, 1978). 

Data Analysis. Binding data from the saturation studies were 

analyzed by a rearranged Scatchard equation corresponding to the 

linear equation, B=B/F(-Kd) + Bmax, where B equals the specifically 

bound [ H]flunitrazepam, F equals the free concentration of 

[ H]flunitrazepam, equals the apparent dissociation equilibrium 

constant, and Bmax equals the receptor density. A plot of this 

equation is analogous to the Eadie-Hofstee plot used in enzyme 

kinetics where the y-intercept now equals Bmax and the slope is the 

negative of the K^. Hereafter, the use of the term, Scatchard 

analysis, will refer to calculations utilizing the rearranged equation 

or the Eadie-Hofstee plots. Calculations for the Hill plots were done 

according to Bennett (1978). Linear regressions were determined by 
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the least squares method. Tests of statistical significance were 

calculated using Student's t test or a one way analysis of variance 

(Zar, 1974). 
O 

Drugs [ H]flunitrazepam was obtained from the New England 

Nuclear Corporation. Clonazepam was a gift of Hoffman-La Roche, Inc. 

(+)Bicuculine and GABA were purchased from the Sigma Chemical Company. 

Results 

The concentration of unlabeled clonazepam that was used to 

determine nonspecific binding was assessed from inhibition studies. 

Figure 1 shows a typical curve for the inhibition of 

[ H]flunitrazepam binding by unlabeled clonazepam; maximal 

3 inhibition of [ H]flunitrazepam binding was observed at 

approximately 1.0 pM clonazepam. The concentration of clonazepam 

causing fifty percent inhibition of [ H]flunitrazepam binding 
q 

(IC50) was 0.57 nM. At the concentration of [ Hjflunitrazepam 

used in Figure 1 (0.25 nM), nonspecific binding was approximately 2 

percent of the total binding. 

Saturation studies with [ H]flunitrazepam were performed on 

the whole homogenates and the twice washed membranes of six adult 

mouse brains. Scatchard analysis gave Bmax values of 115 ± 9 and 55 ± 

12 fmol/mg tissue for the whole homogenate and the twice washed 

membranes, respectively (significantly different, p < 0.01). The 

values were 0.69 ± 0.07 nM for the whole homogenate and 1.17 ± 0.15 nM 

for the twice washed membranes (significantly different, p < 0.01). 

Figure 2 shows a plot of B versus B/F and a Hill plot for two typical 
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sets of data from the saturation studies. The former plot suggests a 

single class of homogenous binding sites, while the Hill plot shows 

that [ H]flunitrazepam binding to mouse brain membranes follows the 

mass action laws that apply to simple bimolecular reactions. As 

others have shown in rat cerebral membranes (Mohler and Okada, 1977a; 

Bosmann et al., 1977), tissue linearity and enrichment of receptors in 

crude synaptasomal fractions was also found in the mouse cerebral 

membranes (data not shown). It is obvious from Figure 2, and the data 

given above, that the receptor density in the twice washed membranes 

was only about one-half of that in the whole homogenate. Saturation 

studies with the supernatant (S^) revealed specific 

[ H]flunitrazepam binding with a receptor density that is 10-30 

percent of the whole homogenate and with an average of 0.37 ± 

0.08 nM (see footnote b, Table 1). The loss of receptor density in 

the twice washed membranes is compatible with incomplete pelleting of 

the cell membranes. 

Figure 3 shows the development of brain weight and of the 

[ H]flunitrazepam binding for the mouse brain. At the earliest time 

examined, 17 days gestation (-0.75 weeks), [H]flunitrazepam binding 

is already evident at 10 percent of adult levels. From the earliest 

fetal age examined to approximately three weeks postpartum, the Bmax 

of [ H]flunitrazepam shows a nearly linear rise, increasing at a 

rate of approximately 3 percent of adult levels per day. This 

increase roughly parallels the period of rapid brain growth which 

occurs from late fetal ages to approximately two weeks postpartum. If 
o 

the total number of [H]flunitrazepam binding sites per brain is 
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examined, an exponential increase in the number of sites occurs 

between 17 days gestation and two weeks postpartum; then, there is a 

slower increase until approximately 3.5 weeks postpartum at which time 

adult levels are reached. 

The development of [ H]flunitrazepam binding was studied 

using the whole homogenates because the loss of binding sites during 

the washing procedure appeared to be an unpredictable variable. 

Additionally, the yield of protein in the twice washed membranes, as a 

percentage of the protein in the whole homogenate, also changed with 

development (16 percent at 17 days gestation to 40 percent in 

adults). Receptor density was expressed on a per mg tissue basis for 

two reasons. One was that the ratio of mg protein to mg tissue in the 

whole homogenate changed with development (0.076 at 17 days gestation 

to 0.111 in adults). Secondly, it was felt that the gravimetric 

measurement of tissue weight was both more accurate and precise than 

the measurement of protein. When the data were expressed on a per mg 

protein basis a qualitatively similar curve was obtained, however, it 

was also associated with increased variability. 

Reconstitution experiments were conducted to examine the 

possibility that washing of the membranes had removed a factor which 

increased ["^Hjflunitrazepam binding. The results of the 

reconstitution experiments at five different ages are presented in 

Table 1. Regardless of age, reconstitution of the supernatant (S^) 

with the twice washed membranes is capable of changing the affinity of 

the [ H]flunitrazepam binding back to a high affinity state. 

Scatchard plots of the saturation data from the reconstitution 
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experiments give coefficients of determination equal to 0.97-0.99 and 

no evidence for two populations of binding sites. The Bmax values are 

simply addit i ve and they show that reconstitution did not expose or 

des t roy receptor sites. 

The effects of 10 ~M GABA on the binding of [3H]flunitrazepam 

to t wice washed homogenates from four different ages are presented in 

Table 2. At every age, the presence of GABA caused a significant 

decrease in the Kd ranging from 36-58 percent. The effects of 

(+ )bicuculline on the binding of [3H]flunitrazepam to the 

supernatant (S1) were also examined at the same ages. The results, 

shown in Table 2, indicate that 0.1 mM (+)bicuculline was able to 

increase the Kd at every age by an average of 237 percent. Both 

GABA and (+)bicuculline were without effect on the Bmax values. 

The results of kinetic assays with twice washed membranes, 

whole homogenates, and twice washed membranes containing either GABA 

or (+)bicuculline are presented in Table 3. The rate constants for 

t he twice washed membranes compared with the rate constants for the 

who le homogenates show that the most significant change is between the 

dissociation rate constants (p = 0.02) rather than the association 

rate constants (p = 0.47). Although the calculated Kd's 

(k_1/k+1) are slightly greater than those obtained from the 

saturation studies, they are in the same range and show the same 

directional changes with washing, GABA addition, or (+)bicuculline 

add i tion. A comparison of the rate constants for the twice washed 

membranes containing either GABA or (+)bicuculline also show a greater 

difference between the rate constants of dissociation. 
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Figure 4 shows a semilogarithmic plot of the dissociation of 

[3H]flunitrazepam from washed membranes of adult mouse brain in the 

presence and absence of 10 ~M GABA. One can appreciate the more rapid 

decay of binding that occurs in the absence of GABA; the half times of 

[3H]f l unitrazepam dissociation in the presence and absence of 10 ~M 

GABA are 23.1 minutes and 12.6 minutes, respectively. 

Discussion 

This study has pursued several aspects of the binding of 

[3H]f lunitrazepam to mouse cerebral membranes. First, the initial 

characterization and the development of [3H]flunitrazepam binding 

sites in the mouse brain has been described. Second, it was found 

that throughout development GABA can increase and that (+)bicuculline 

can decrease, the affinity of [ 3H]flunitrazepam binding. Third, it 

has been shown that with different membrane preparations, variations 

in binding af fi nity can occur. Lastly, we have demonstrated that 

differences in the Kd for [3H]flunitrazepam binding are due to 

changes in k_1. 

The characterization of [ 3H]flunitrazepam binding to mouse 

brain agrees with data for [ 3H]diazepam binding to rat brain. 

Specifically, the Kd's that have been reported range from 2.6-3.6 nM 

for [3H]diazepam binding to unwashed, resuspended P2 fractions 

from adult rat brains (Squires and Braestrup, 1977; Mohler and Okada, 

1977a ) . The lower Kd's found in this study may be explained by the 

greate r binding potency of [ 3H]flunitrazepam as compared to 

[3H]diazepam. The greater binding potency of [3H]flunitrazepam is 
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demonstrated in data reported by Mohler and Okada (1977c) for the 

inhibition of [ H]diazepam binding by flunitrazepam and by diazepam 

('s equaled 2.8 and 6.3 nM respectively). The Bmax values for 

whole homogenates, as determined in this study (155 fmol/mg tissue), 

are somewhat higher than the values reported in the literature for rat 

brain (18-29 fmol/mg tissue). This difference is partially 

attributable to the loss of receptors in the supernatant (S^). If 

one examines the Bmax for the twice washed membranes (53 fmol/mg 

tissue), then the difference is less. There is, however, evidence to 

suggest that benzodiazepine receptor density is greater in mouse 

brain. Nielsen et al. (1978) reported a Bmax value of 35 fmol/mg 

tissue in mice and 27 fmol/mg tissue in rats. 

The present data indicate that binding sites for 

[ H]flunitrazepam in the neonatal mouse brain go through a period of 

intensive development. It is interesting to compare the development 

of [ H]flunitrazepam binding with that for known neurotransmitters. 

In rats, GABA receptor density is 5 percent -of adult levels at 15 days 

of gestation, 24 percent at birth, 30 percent at seven days 

postpartum, 45 percent at two weeks, 60 percent at three weeks, and 

100 percent at four weeks (Coyle and Enna, 1976). For the central 

muscarinic cholinergic receptor, development is complete after four 

weeks postpartum, but receptor density is only 1 percent of adult 

levels at 15 days of gestation and the rapid increase in receptor 

density is delayed until one to two weeks postpartum (Coyle and 

Yamamura, 1976). In the case of the striatal dopamine receptor, as 

3 
measured by specific [ H]haloperidol binding, the concentration of 
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receptor is approximately 13 percent of adult levels at birth; there 

is little change up to one week postpartum, and then there is a rapid 

change from one to four weeks postpartum when adult levels are 

achieved (Pardo et al., 1977). It should be apparent that the 

development of receptors for both these known neurotransmitters and 

for [ H]flunitrazepam coincides with a period of rapid brain growth 

and development of dendritic processes (Roberts et al., 1951; 

Rabinowicz et al., 1977). It may be noted, however, that the results 

obtained in this study deviate somewhat with those reported by 

Braestrup and Nielsen (1978) for the development of [ H]diazepam 

binding in rat brain. In the latter study, [ H]diazepam binding 

sites were present to the extent of 5 percent of adult levels at 14 

days of gestation, 35 percent at birth, 77 percent at one week 

postpartum, and approximately adult levels by two weeks after birth; 

while these results do not differ grossly from those reported in our 

study, they do suggest that benzodiazepine receptor development may be 

more rapid in the rat as compared to the mouse. 

The difference in Kd's between whole and twice washed 

membranes suggest that there is an endogenous substance which is 

responsible for increasing the affinity of [ H]flunitrazepam 

binding. This substance may be GABA as evinced by our observation 

that in the supernatant (S^), (+)bicuculline was able to change the 

binding of [H]flunitrazepam from a high to a low affinity state. 

Such a conclusion would also explain the results of the reconstitution 

experiments where the supernatant (S^) was able to change the 

affinity of [ H]flunitrazepam binding in the twice washed homogenate 
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to the high affinity state. From the results of the reconstitution 

experiments and the experiments with GABA itself, it is apparent that 

GABA is capable of altering the affinity of [ H]flunitrazepam 

binding at all ages. The latter observation seems to contradict a 

statement by Briley and Langer (1978) that muscimol and (+)bicuculline 

are without effect on [ H]diazepam binding to rat brain homogenates 

prepared from four day old animals. These authors may not have 

detected an effect if the tissue they used was associated with a 

significantly higher concentration of GABA. For example, Coyle and 

Enna (1976) have reported that although there are changes in rat brain 

GABA concentrations and in GABA uptake with development, the amount of 

GABA that sediments with Pg fractions is consistent throughout 

development. Thus, if larger amounts of tissue are used to obtain 

suitable levels of binding, as would occur with tissue from younger 

animals, then there will also be a relatively greater amount of GABA 

present. We have observed a tendency for the Kd values to be lower 

in studies with the younger animals; however, the analyses of variance 

(see footnotes of Tables 1 and 2) indicate that the variation in 

due to age is very small. 

The kinetic data reported in this study shed light on the 

actual mechanisms by which benzodiazepine binding affinity is 

altered. It is important to note that there is a good agreement 

between the K^'s determined by the saturation experiments and those 

determined by the kinetic experiments. The results of the kinetic 

experiments show that changes in k ^ can account for alterations in 

benzodiazepine binding affinity. These results contradict the data 
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reported by Tallman et al. (1978) which show that changes in 

[ Hjdiazepam binding, due to GABA, are due to changes in k+^. 

Interestingly, however, the value of the k+^ reported in their study 

for the control is in good agreement with the value found in this 

study (3.8 ± 0.3 * 107 vs 4.4 ± 0.4 • 107 min~* M~*); whereas, 

the values for k_^ differ appreciably (0.122 ± 0.02 vs 0.058 ± 0.007 

min"^). The latter observation, coupled with the fact that these 

workers utilized [ H]diazepam as a ligand, suggest that differences 

in binding affinity between the various benzodiazepines are also due 

to changes in the rate constant of dissociation. 

In conclusion, the development of specific [ H]flunitrazepam 

binding is correlated to the physiologic process of growth. This 

development is not unique when compared to that of other known 

neurotransmitter receptors, most notably the GABA receptor. The 

enhancement of [ H]flunitrazepam binding by GABA exists throughout 

development; thus, with the exception of binding specificity, the 

benzodiazepine receptor cannot presently be viewed as an entity 

distinct from the GABA receptor. Finally, it appears that changes in 

the affinity of benzodiazepines for the receptor are accomplished by 

changes in the ability of benzodiazepines to dissociate from the 

receptor-ligand complex. 
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TABLE 1 

The Effects of Reconstitution on the and Bmax of 
[^HjFlunitrazepam 8inding During Development3 

Kd(nM)>> Bmax (fmol/mg tissue) 

AGE Si 2 x w Recon. 2 x w Recon, 

19 days gestation 0.33 1.12 0.35 4.5 4.1 7.7 

1 day.postpartum 0.40 0.81 0.40 13.5 7.8 20.0 

3 days postpartum 0.28 1.26 0.45 7.4 15.0 24.0 

7 days postpartum 0.33 0.86 0.43 13.3 14.2 27.3 

adult 0.49 1.05 0.58 23.9 51.0 76.6 

aK,j and Bmax values were determined by Scatchara analysis of 
saturation experiments using six concentrations of [^H]flunitrazepam 
(between 0.1 and 5.0 nM). The reconstituted homogenate (Recon.) was 
prepared by mixing equal volumes of the supernatant (Si) with the 
twice washed membranes (2 x w). 0.5 ml of either supernatant (Sx) 
or twice washed membranes were used per assay. 0.1 ml of 
reconstituted homogenate were used per assay. The correlation 
coefficients of the linear regressions were in all cases greater than 
or equal to 0.97. 

^The Kd data were analyzed by an analysis of variance (one way). 
This gave group means and standard deviations of 0.37 * 0.08 nM for 
the Si; 1.02 * 0.19 nM for the 2 x w; and 0.44 ± 0.09 nM for the 
Recon. The analysis indicated that variation between groups (M.S. = 
0.64) was much larger than the variation within groups (M.S. - 0.02). 
Furthermore, the calculated F statistic revealed that the group means 
were not equal (p <0.01). The Newman-Keuls multiple range test showed 
that the group means for the Si and Recon. were not significantly 
different; however, the 2 x w was significantly different from both 
Si and Recon. (p<0.01). 
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TABLE 2 

The Effects of GABA and (+)Bicuculline on the KH of 
[3H]Flunitrazepam Binding During Development* 

AGE NO GABA GABA NO BC BC 

19 days gestation 0.88 0.37 0.46 1.98 

3 days postpartum 1.08 0.40 0.43 1.71 

15 days postpartum 0.91 0.58 0.65 1.73 

adult 1.34 0.67 0.64 1.62 

aKd values (nM) were determined by Scatchard analysis of 
saturation experiments using six concentrations of [^H]flunitrazepam 
(between 0.1 and 5.0 nM). The final concentration of GABA and 
(+)bicuculline (BC) in the individual assays was 10 pM and 100 yM, 
respectively. The concentration of GABA was designed to be in the 
range that would be produced if 0.1 ml of a 2.5 percent homogenate of 
adult mouse brain were added to 1.9 ml of buffer (calculation based on 
data presented by Roberts et al., 1951). The concentration of 
(+)bicuculline was based on data published by Tallman et al. (1978). 
The correlation coefficients of the linear regressions were all 
greater than 0.97. The data were analyzed by an analysis of variance 
(one way). Group means and standard deviations equaled 1.05 ± 0.21 nM 
for NO GABA; 0.51 ± 0.14 for GABA; 0.55 ± 0.12 for NO BC; and 1.76 ± 
0.15 for BC. Variation between groups (M.S. = 1.37) was much larger 
than within groups (M.S. = 0.03). The group means were not equal 
(p<0.01) and the Newman-Keuls multiple range test indicated that all 
group means were significantly different from one another, except, for 
the groups GABA and NO BC (p<0.01). 
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TABLE 3 

The Rate Constants of Association and Dissociation 
for [3H]F1unitrazepam Binding3 

Preparation k-i(min-l) k+]_ k_x/k+i(nM) 

whole 0.041±.001 4.14-107±0.05 107 0.99 

twice washed 0.061±.006 4.10-107±0.68 107 1.49 

twice washed + GABA 0.025 3.01-107 0.83 

twice washed plus 
(+)bicuculline 0.074 3.96-107 1.87 

aThese determinations were made as described in Methods (Chapter 2). All 
the homogenates were derived from whole brains of adult mice. The 
concentration of [3n]flunitrazepam was 0.4 nM. The final concentration 
of GABA and (+)bicucul1ine were 10 JJM and 100 uM respectively. The 
determinations for the whole and twice washed membranes were repeated 
twice. The determinations with the twice washed membranes containing 
either GABA or (+)bicuculline were done once; these experiments have been 
repeated two times each, under slightly different conditions, and they show 
the same qualitative differences. 



80 

0 

E 

a 
z 60 
:::J 
0 
(lJ 

:E 
<l: 
Cl. 
N 
<l: 
a:: 40 
1--z 
:::J 
....J 
lJ.. 

'? ,.., 
\._.j 

....J 20 
<l: 
1-
0 
I-

I 

0 

I 

! 

-10 -8 

I C = 0 . 57 nM 
~0 

log [CLONAZEPAM] (M ) 

Figure 1. The Inhibition of [3H]Flunitrazepam Binding by 

Clonazepam. 
Whole homogenate of adult mouse brain was assayed for total binding 
as described in Methods (Chapter 2). The concentration of 
[3H]flunitrazepam was 0.25 nM. Each point represents duplicate 
determinations. The experiment was repeated three times. 
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Figure 2. An Eadie-Hofstee Plot and a Hill Plot (inset) of the 
S ecific Binding of 3H Flunitraze am to Whole Homooenates (•) and 
Twice Washed Membranes o from Adult Mouse Brain. 
Specific [3H]flunitrazepam binding was determined as described in 
Methods (Chapter 2), with eleven concentrations of 
[3H]flunitrazepam (between 0.02 and 33.0 nM). The Kd and Bmax 
values for this experiment were 0.74 nM and 128 fmol/mg tissue for 
the whole homogenate, and 1.22 nM and 70 fmol/mg tissue for the 
twice washed membranes. The experiment was repeated s ix times. The 
Hill coefficients are equal to 1.0 for both sets of data. 
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Figure 3. The Development of r3H l Fl unitrazepam Binding in the 
Mouse Brain. 
The closed circles (•) represent Bmax values determined from 
individual saturation studies as described in Methods (Chapter 2). 
For each determination six concentrations o~ [3H]flunitrazepam 
were used (be tween 0.1 and 5.0 nM). The correlation coefficients of 
the linear regressions for all of the determinations were greater 
than 0.97. The open circles (o) are the products of Bmax x bra i n 
weight. The portion of the curve (o) between -0.75 and 2.0 weeks 
may be described by the function, a·ekt where a = 1.8 pmol and k 
= 0.23 week-1 (r = 0.98). The inset shows the development of brain 
weight, with the abscissa equal to the weeks postpartum. Each 
point represents the average of 8-16 brains. 
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Figure 4. A Semilogarithmic Plot of the Dissociation of 
3H Flunitrazepam Binding to Three Times Washed Cerebral Membranes 

in the Presence • and Absence o of 10 uM GABA. 
The tissue preparation and assays were conducted exactly as 
described in the kinetics section of Methods (Chapter 2). These 
data represent the results of a typical experiment. The rate 
constant of dissociation (k-1) for the three times washed 
membranes was 0.055 ± 0.010 min-1 (x ± s.o~; n = 4) and for the 
membranes plus 10 uM GABA the k-1 was 0.030 ± 0.003 min-1 
(n = 5); these val~es were significantly different at p < 0.01. 

30 



CHAPTER 3 

RENAL [3H]FLUNITRAZEPAM BINDING:CHARACTERIZATION 

AND ALTERATION IN DOCA-SALT HYPERTENSION 

Significant amounts of specific, high affinity, [ H]diazepam 

binding has been found in membranes prepared from rat kidney 

(8raestrup and Squires, 1977; Syapin and Skolnick, 1979). Compared to 

cerebral membranes, there is a different order of potency for the 

inhibition of [ H]diazepam binding by unlabeled benzodiazepines in 

renal membranes. This difference in potency series is most clearly 

expressed by comparing the inhibition of [ Hjdiazepam binding by 

diazepam, clonazepam and Ro 5-4864 {see Figure 5). In cerebral 

membranes the following potency series is obtained, clonazepam > 

diazepam > Ro 5-4864; in renal membranes one finds, Ro 5-4864 > 

diazepam > clonazepam (Braestrup and Squires, 1977; Syapin and 

Skolnick, 1979). Of great importance, the potency series of these 

three benzodiazepines in numerous tests of anxiolytic or 

anticonvulsant activity is the same as the order of potency obtained 

for the inhibition of [ H]diazepam binding in cerebral membranes. 

These findings indicate that renal [ H]diazepam binding is of 

doubtful significance with regard to the known pharmacology of the 

benzodiazepines. Nevertheless clinical observations have suggested 

that flunitrazepam improves renal function; however, when studied in 

more detail these observations were not verified (Dick et al., 1979). 
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3 Renal [ H]flunitrazepam binding was examined for one primary 

reason. Although there have been reports on the binding of 

[ Hjdiazepam to the kidney, there have been no descriptions of the 

renal binding of [H]flunitrazepam; thus it seemed reasonable to 

obtain data on the characteristics of [ H]flunitrazepam binding to a 

peripheral benzodiazepine binding site. These data proved valuable in 

later studies when the characteristics of retinal [ H]flunitrazepam 

binding were shown to be more closely related to binding in cerebral 

membranes than to binding in renal membranes (Regan et a!., 1980). 

The study of [ H]flunitrazepam binding in hypertensive rats 

was an ancillary aspect of a larger study of the effects of 

hypertension on central and peripheral adrenergic receptors (Yamada et 

al., 1980). The rationale for examining cerebral [ H]flunitrazepam 

binding during hypertension is that hypertension is a form of stress, 

which if capable of altering brain benzodiazepine receptors, could be 

of significance in the pharmacologic management of hypertension. The 

initial reason for examining renal [ H]flunitrazepam binding in this 

study was to improve the data base for the characterization of the 

renal benzodiazepine binding site. Interestingly the renal binding 

sites showed changes during hypertension. 

Methods 

Treatment of Animals and Membrane Preparation. The animal 

model of hypertension that was used in this study was initially 
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described by Selye et al. (1943) and its value has been demonstrated 

in numerous investigations (deChamplain et al., 1968; Beilin et al., 

1970; Berecek et al., 1980). Twenty male Sprague-Dawley rats 

(150-200g) received left unilateral nephrectomies. Beginning three 

days postoperatively all of the rats were maintained on Purina rat 

chow (ad libitum) and drinking water containing 1.0 percent NaCl. Ten 

of the rats also received twice weekly injections of DOCA (5 

mg/rat/injection), while the remaining ten animals received injections 

of vehicle alone (sesame seed oil). The rats were kept on this 

regimen for six weeks. 81ood pressure was measured by means of tail 

plethysmography in conscious rats. 

After six weeks of treatment the rats were killed by 

decapitation. The brains were rapidly removed and samples of the 

cerebral cortex were obtained. The viscera were perfused with 0.9 

percent saline and the kidneys were removed. Membranes from these 

tissues were prepared by adding 39 volumes of 50 mM Tris HC1 buffer, 

followed by homogenization in a Brinkmann Polytron {2 x 30 seconds, 

setting 6.5). The homogenate was centrifuged at 49,000 x g for 15 

minutes and the resulting pellet was resuspended in the original 

volume of buffer. The centrifugation and resuspension was repeated 

once. The equivalent of 2.5 mg original tissue was used per assay for 

the kidney and 1.25 mg for the cerebral cortex. 
O 

Binding Assays. [ H]Flunitrazepam binding was measured by 

filtration assay. Briefly, total binding was measured by incubating 

samples of homogenate with varying concentrations of 

[ H]flunitrazepam in a final volume of 2.0 ml (made up with 50 mM 
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sodium potassium phosphate buffer, pH 7.4). To determine nonspecific 

bind i ng, homologous assays also contained a final concentration of 5.0 

~M unlabeled clonazepam (cerebral cortex) or 5.0 ~M unlabeled 

fluni t razepam (kidney). Specific binding was taken as the difference 

between tota l and nonspecific binding. Assays were conducted in 

duplicate, for 90 minutes, at 0-4°C and were terminated by filtration 

over Whatman GF/B glass fiber filters followed by three 5 ml rinses 

with i ce cold buffer. Filters were placed in 8 ml of scintillation 

solut i on and 8-16 hours later the radioactivity was determined by 

liquid scintillation spectroscopy. 

Data Analysis. Binding data from the saturation studies were 

ana lyzed by computer using the program NONLIN (Metzler, 1969) and by 

conventional Scatchard analysis. Data from the drug inhibition 

studies were analyzed by the method of Hill (Bennett, 1978). Unless 

otherwise stated all averages are expressed as the mean± the standard 

error of the mean (S.E.M.). Linear regressions were determined by the 

l east squares method. Tests of statistical significance were 

calculated using t tests (Boxenbaum et al., 1974; Zar, 1974). 

Drugs. [3H]Flunitrazepam (79.3 Ci/mmole) was obtained from 

the New England Nuclear Corporation (Boston, MA). Except for 

clobazam, all the unlabeled benzodiazepines were gifts of 

Hoffman-LaRoche, Inc. (Nutley, N.J.); clobazam was a gift of 

Hoechst-Roussel, Inc. (Somerville, N.J.). Other drugs and chemicals 

were purchased from commercial sources. 
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Results 

Characterization 

Table 4 (see also Figure 14) shows data for the inhibition of 

renal [H]flunitrazepam binding by a variety of benzodiazepines. It 

is evident that Ro 5-4864, flunitrazepam and diazepam can potently 

inhibit [ H]flunitrazepam binding and that this inhibition is 

consistent with simple mass action kinetics (slope factors - 1), The 

other benzodiazepines show markedly lower affinity, the least potent 

being Ro 5-3663 (a convulsant benzodiazepine). Confirming the work of 

others using [ H]diazepam (Braestrup and Squires, 1977; Syapin and 

Skolnick, 1979), the order of potency for clonazepam and Ro 5-4864 is 

reversed compared with cerebral membranes. It can be appreciated from 

Figure 14 that 5 uM clonazepam does not effectively displace 

[ HJflunitrazepam from the renal benzodiazepine binding site; for 

this reason 5 pM flunitrazepam was used to define nonspecific binding 

in renal membranes. 

The specific and nonspecific binding of [ H]f1unitrazepam to 

renal membranes is shown in Figure 7. One can see that the specific 

binding is saturable with half maximal binding occurring between 10-15 

nM [ H]flunitrazepam. The nonspecific binding is linear and 

although it is larger than that which occurs in the brain, it is 

certainly manageable. 

Figure 6 shows an Eadie-Hofstee plot of the specific binding of 

[ H]flunitrazepam to washed renal membranes in the presence and 

absence of 100 pM GABA. As opposed to the enhancement of 



3 [ H]flunitrazepam binding by GA8A that occurs in brain or retinal 

membranes, there appears to be a slight competitive inhibition in 

renal membranes. This apparent inhibition by GABA of renal 

[H]flunitrazepam binding was not significant at any of the 

individual concentrations of [ H]flunitrazepam used in the 

experiment. The membrane preparation used for these experiments 

seemed to damage the renal membranes as judged from a large increase 

in nonspecific binding, an increase in the variability of the 

replicates and a decrease in the Bmax as compared to unwashed 

membranes {data not shown). 

A number of other drugs were tested to determine the 

specificity of renal [ H]flunitrazepam binding. The most potent of 

these included yohimbine, spiperone, (+)bicuculline, spironolactone 

and phenobarbital with IC^Q's in the range of 10-50 yM. 

Apomorphine, ethacrynic acid and furosemide gave less than 50 percent 

inhibition at concentrations of 50 uM. At the highest concentration 

used (100 yM) the following drugs gave less than 50 percent inhibition 

of [ H]flunitrazepam binding: morphine, naltrexone, theophylline, 

atropine, chlorothiazide and Y-aminobutyric acid (GABA). 

Table 5 gives data for the total and nonspecific binding of 

[ H]flunitrazepam to membranes prepared from selected regions of the 

bovine kidney. In the outer cortex, at every concentration of 

[H]flunitrazepam there was a significant difference between the 

total and nonspecific binding of [ H]flunitrazepam. In the outer 

medulla, inner medulla, minor calyx and renal artery any differences 

between total and nonspecific binding appeared to be random since they 
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O 
were not observed at all concentrations of [H]flunitrazepam. These 

data demonstrate that specific binding of [ H]flunitrazepam in 

bovine kidney is located primarily in the outer cortex. 

Alterations in Hypertension 

After six weeks of treatment, the DOCA treated and control rats 

were sacrificed. Blood pressures were 68 percent greater in the 

treated rats (234 ± 11 mmHg vs. 139 ± 5 mmHg, pcO.Gl) and the kidney 

weight had increased (3.58 ± 0.17 g vs. 2.66 ± 12 g, p<0.01). The 

weight of the cerebral cortex was unchanged (0.79 ± 0.02 g). 

Alterations in heart weight and in adrenergic receptors were also 

detected (Yamada et a!., 1980). 

Figure 7 shows saturation isotherms of the pooled raw data for 

specific and nonspecific binding of [ H]flunitrazepam to the renal 

membranes of the 00CA treated rats and their controls. The specific 

binding of [H]flunitrazepam is increased in the DOCA treated 

animals, whereas the nonspecific binding remains unchanged. A 

weighted nonlinear least squares regression of all the raw data for 

the specific binding showed that there was a 35 percent increase in 

the Bmax of the DOCA treated rats, with no change in (see Figure 

7 legend). An alternative method was used to analyze these data and 

it entailed averaging the Bmax and values as determined by 

Scatchard analysis for each of the individual saturation studies: the 

results of this analysis are shown in Table 6. One can see that in 

the renal membranes from rats receiving the DOCA-salt treatment there 

is an increase in the average Bmax (1100 ± 80 fmol/assay vs. 770 ± 64 
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fmol/assay) while there is no change in the average (13.6 ± 2.2 

nM vs. 10.7 ± 0.5 nM). In the membranes from the cerebral cortex, 

there are no changes in either Bmax or K^. 

As documented previously (Selye et al., 1943) and in this 

study, one of the pathophysiologic responses to chronic hypertension 

in the DOCA-salt hypertensive rat is hypertrophy of the heart and 

kidney; i.e. there was a 35 percent increase in the wet weight of the 

kidney in the DOCA treated rats as compared to controls. This 

prompted us to examine the binding data on a per mg protein basis. 

Expressed in this manner the increase in renal [ H]flunitrazepam 

binding in the DOCA treated animals was even greater, 59 percent 

(control Bmax, 4565 ± 412 fmol/mg protein; DOCA Bmax, 7276 ± 633 

fniol/mg protein). Thus it would appear that the increase in 

[ H]flunitrazepam binding in the DOCA treated rats is not a simple 

reflection of hypertrophy. 
t 

Discussion 

The binding of tritiated benzodiazepines in the mammalian brain 

has been well characterized and it appears to be strongly correlated 

with pharmacologic activity. Its significance in the kidney presents 

an enigma. Benzodiazepines do not have known pharmacological effects 

on the kidney, nor is there a correlation between anxiolytic activity 

and their binding potency in the kidney. Nevertheless, the binding is 

specific, of high affinity and as revealed in this study, appears to 

be regulated. Furthermore, as manifested in Table 5, there is a 

3 
regional distribution of specific [ H]flunitrazepam binding within 
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the bovine kidney. Interestingly, the most notable histological 

features in the kidney of the DOCA-salt hypertensive rat are 

enlargement of the glomeruli, capsular fibrosis and hyalinization of 

the glomerular tuft capillaries {Selye et al., 1943). Like the 

localization of specific [ H]flunitrazepam binding, these 

pathological changes are common to the cortical regions of the 

kidney. Since the binding of [ H]flunitrazepam does not appear de 

novo with the DOCA-salt treatment, the possibility exists that the 

binding sites are associated with a normal physiologic element of the 

glomeruli or of the cortical blood vessels. 

In conclusion, it appears that the renal benzodiazepine binding 

site is physiologically regulated and located in the kidney cortex. 

The evidence that the number of renal benzodiazepine binding sites is 

increased in the DOCA-salt hypertensive rat indicates that these sites 

may have a role either in the genesis of hypertension or in changes 

which occur as a consequence of hypertension. 
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TABLE 4 

Inhibition of Renal [^HjFlunitrazepam Binding By Various Benzo 
diazepinesa 

Drug ICsotnM) Slope Factorb 

Ro 5-4864 2 * 1 1.06 ± 0.05 
flunitrazepam 16 ± 1 0.97 ± 0.04 
diazepam 19 ± 2 1.00 ± 0.09 
clobazam 270 * 30 0.93 ± 0.11 
desmethy1di azepam 1,500 * 440 0.98 ± 0.09 
clonazepam 2,500 ± 30 0.90 ± 0.04 
flurazepam 4,200 ± 1500 0.92 * 0.13 
lorazepam 5,100 * 1200 0.99 ± 0.14 
nitrazepam 5,700 ± 390 1.02 ± 0.05 
Ro 5-3663 13,000 ± 550 1.00 ± 0.05 

aRenal membranes were prepared as described in Methods (Chapter 3) 
and the equivalent of 2.5 mg original tissue was used per assay. 
Assays were conducted in duplicate using 9 concentrations of inhibitor 
and a final concentration of [^H]flunitrazepam equal to l.OnM. The 
data were analyzed by the method of Hill, as described by Bennett 
(1978). ICsq's and slope factors are expressed as the mean ± the 
S.E.M. of three experiments. 

b"Pseudo" Hill coefficient (see Data Analysis, Methods, Chapter 5). 
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TABLE 5 

[^H]Flunitrazepam Binding to Selected Regions of the Bovine Kidneya 

Region*3 [^H]Flunitrazepam conc. (nM) 

2.5 10.0 50.0 -
T(cpm) NS (cpm) T(cpm) NS(cpm) T(cpm) NS (cpm) 

Outer Cortex 155*23 72*10c 648*31 300±17c 2442*81 1482*68c 

Outer Medulla 104*6 120*19 336*23 244*33 1389*20 1226±49c 

Inner Medulla 96*22 85*4 317*15 252*19 1258*123 1397*154 

Minor Calyx 78*7 95*9 257*7 211*llc 1255*87 1065*59 

Renal Artery 68*9 65*15 251*9 220*4 1100*39 1058*110 

aTotal (T) and nonspecific (NS) binding was determined as described 
in Methods (Chapter 3) for three concentrations of 
[^H]flunitrazepam. Following dissection, the tissue was homogenized 
in 39 volumes of 50 mM Tris buffer with a Brinkmann Polytron. The 
homogenate was centrifuged at 800 x g for 10 minutes and fatty debris 
was aspirated from the top of the supernatant. The pellet was 
discarded and 0.10 ml of supernatant was used per assay. The data are 
expressed as the mean * S.E.M. of quadruplicate determinations. The 
experiment was repeated with frozen tissue and similar results were 
obtained; however, the specific binding in the outer cortex was -50 
percent less and there were no significant differences between total 
and nonspecific binding in regions other than the outer cortex. 

^Fresh bovine kidney was obtained from a local slaughterhouse and 
regions of the kidney were identified from descriptions provided by 
Hamburger et al. (1971). The subregions of the outer medulla and the 
inner medulla that were used for this experiment corresponded to the 
malpighian pyramids and papillae respectively. 

cSignificantly different from total binding; Student's t test (one 
tailed), p<0.01. 
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TABLE 6 

Averages of Bmax and Kd for [3H]Flunitrazepam Binding to Rat Kidney 
and Cerebral Cortex.a 

Group Kidney (10) Cerebral Cortex (5) 

Bmax 
(fmol/assay) 

Kd 
(nM) 

Bmax 
(fmol/assay) 

Kd 
(nM) 

untreated*3 801 ± 42 10.7 ± 0.5 N.D. N.D. 

control 770 ± 64 12.0 ± 1.5 145 * 11 2.1 ± 0.3 

DOCA-salt 1099 ± 76c 13.6 

CM 

• 

CO -H 149 ± 7 1.8 ± 0.2 

aKd and Bmax values were determined from individual saturation 
isotherms as described in Methods (Chapter 3). Data for each group 
were pooled and the results are expressed as the mean ± the S.E.M. 
The number in the parentheses represents the number of animals used 
per group for the given tissue. Six concentrations of 
[^H]flunitrazepam were used, in the range of 1-50 nM for the kidney 
and 0.1-5.0nM for the cerebral cortex. The tissue was prepared as 
described in Methods and the equivalent of 2.5 mg of original tissue 
was used per assay for the kidney and 1.25 mg per assay for the 
cerebral cortex. 

bUntreated represents a group of 8 age-matched rats which received 
no treatment whatsoever; (in contrast to the controls which received 
unilateral nephrectomies and were salt loaded). Binding to the 
cerebral cortex was not determined (N.D.) in these animals. 

cThe renal Bmax data for all groups were analyzed by a one way 
analysis of variance which indicated that the means were not all equal 
(p < 0.005). A Newman-Keuls multiple range test revealed that the 
Bmax for the DOCA-salt group was significantly different from both the 
control group and the untreated group (p < 0.005). There were no 
significant differences in Kd between groups for renal 
[3H]flunitrazepam binding. 
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Figure 5. The Structures of Diazepam, Flum'trazepam, Clonazepam 
and Ro 5-4864. 
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B (see Methods, Chapter 5). Binding assays were conducted as described 
in Methods (Chapter 3) using 5 concentrations of [3H]flunitrazepam, 
between 2.5 and 50 nM. 
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Each point represents the mean ± the S.E.M. of 10 measurements. Assays 
were conducted as described in Methods (Chapter 3). Data for the 
specific binding were analyzed by computer using the program NONLIN. 
The following estimates± the S.D.'s were obta ined: for the controls, 
Bmax = 830 ±52 fmol/assay, Kd = 12.8 ± 1.2 nM; for the DOCA ' s, Bmax = 
1117 ± 73 fmol / assay, Kd = 11.9 ± 1.3 nM. A t test showed t hat the 
estimates of Bmax for the two groups were not equal (t = 3.19, d.f. = 
114, p < 0.001). The nonspecific binding for both groups was analyzed 
separately by linear regression analysis and the slopes for the two 
groups of data were not significantly different (t = 1.42, d.f. = 114, 
p > 0.15). 



CHAPTER 4 

ALTERATIONS IN RETINAL [3H]FLUNITRAZEPAM BINDING FOLLOWING 

NEONATAL MONOSODIUM GLUTAMATE INJECTIONS IN RATS: POSSIBLE CELLULAR 

LOCALIZATION OF HIGH AFFINITY BENZODIAZEPINE BINDING SITES. 

The studies presented thus far make it clear that there are two 

fundamental types of benzodiazepine binding sites. The high affinity, 

pharmacologically relevant, [ H]flunitrazepam binding sites in the 

mouse brain are usually referred to as brain type, or central, 

benzodiazepine receptors (Braestrup and Squires, 1977); while the 

lower affinity, functionally questionable, renal [ H]flunitrazepam 

binding sites are called peripheral type benzodiazepine binding sites 

(Braestrup and Squires, 1977; Syapin and Skolnick, 1979). For the 

purposes of review, there are three main properties that distinguish 

these two binding sites. The first characteristic is that the central 

3 3 benzodiazepine receptor binds [ H]diazepam and [ H]flunitrazepam 

with a.higher affinity, and with,a generally lower capacity than the 

peripheral binding site. A second property is that the order of 

3 3 potency for the inhibition of [ H]diazepam or [ H]flunitrazepam 

binding by Ro 5-4864, diazepam and clonazepam is different for the 

brain type receptor versus the peripheral binding site . Furthermore 

in contrast to peripheral binding sites, the order of potency for the 

central benzodiazepine receptor correlates well with the order of 

potency for these same benzodiazepines in a number of tests which are 

predictive of anxiolytic activity. Finally, in washed membrane 

46 
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preparations, brain type receptors will show an enhancement of 

tritiated benzodiazepine binding in the presence of exogenously added 

GABA (Tallman et al., 1978; Wastek et al., 1978) whereas peripheral 

type binding sites will show no such enhancement (Chapter 3, Figure 6). 

Brain type or central benzodiazepine receptors are typically 

found in membranes prepared from the mammalian brain; however, 

membranes from individual cell types of the brain may have the 

properties of peripheral binding sites. For example, membranes 

prepared from primary cultures of mouse astrocytes, mouse astroglial 

and transformed cell lines of rat C6 glioma and mouse NB41A3 

neuroblastoma all show peripheral type binding of [ Hjdiazepam 

(Braestrup et al., 1978; Henn and Henke, 1978; Syapin and Skolnick, 

1979). This has led to some controversy over the cellular 

localization of the brain type benzodiazepine receptor since Huang et 

al. (1980) show that in membranes prepared from primary cultures of 

fetal mouse brain, the binding of [ H]diazepam shows properties of 

central benzodiazepine receptors. Recently however, some of the 

confusion over the type of benzodiazepine binding sites on cultured 

cells has been resolved (McCarthy and Harden, 1981). Using cell 

cultures prepared from fetal rat brain these authors demonstrate 

central type binding of [ H]flunitrazepam in cultures containing 

predominantly neurons, whereas in cultures enriched with glia the 

binding is characteristic of the peripheral type binding site. 

In addition to the brain itself, membranes prepared from 

mammalian and avian retinae can specifically bind tritiated 

benzodiazepines (Howells et al., 1979; Howells and Simon, 1980; 
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Osborne, 1980; Borbe et al., 1980). This binding is of high affinity, 

can be enhanced by GABA and shows other characteristics of brain type 

benzodiazepine receptors (Regan et al., 1980; Paul et al., 1980). The 

retinal binding of [^H]flunitrazepam has also been examined by 

autoradiography and the results indicate that most of the specific 

binding is localized to the inner layers of the retina (Young and 

Kuhar, 1979). 

The retina is embryologically derived from and histologically 

similar to the cerebral cortex. Additionally these tissues share many 

neurochemical characteristics, including corresponding types of 

benzodiazepine binding sites. Numerous studies of the morphology of 

adult murine retinae, treated neonatally with MSG, have shown 

destruction of inner nuclear neurons and ganglion cells with sparing 

of photoreceptor and Muller cells (Lucas and Newhouse, 1957; Olney, 

1969a; Hansson, 1970). Other studies of the effects of neonatal MSG 

administration have shown dramatic reductions in the GABA content of 

adult retinae (Macaione, 1972; Cohen et al., 1973), in the content of 

glutamate-decarboxylase (Lund Karlsen and Fonnum, 1976) and the high 

affinity uptake of GABA (Lund Karlsen, 1978). In contrast, these same 

studies showed that the high affinity uptake of taurine and the 

content of taurine in the retinae of MSG treated animals was 

relatively unchanged. These and numerous other observations suggest 

that GABA may be a neurotransmitter in the inner nuclear layer of the 

retina, and that taurine may have a functional role in the physiology 

of photoreceptor cells. Using the retina as a model of the cellular 



constitution of the brain, and making use of the selective 

cytotoxicity of MSG, the putative cellular localization of the brain 

type benzodiazepine receptor was examined. 

Methods 
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Treatment of Animals and Preparation of Membranes. Pregnant 

Sprague-Oawley (SOl) rats were purchased from Hill Top Labs 

(Chatsworth, CA.) and upon receipt they were monitered twice a day for 

births. Treatment and control groups were composed of separate 

litters of equal size and born on the same day. From day 2 to day 12 

postpartum the treatment group received intraperitoneal injections of 

MSG at a dose of 3.2 mg/g. The control pups received equimolar 

injections of NaCl. MSG and NaCl solutions were made to a 

concentration of 0.59 M with sterile, distilled water. At 

approximately four weeks of age the rats were weaned and were 

segregated by sex and treatment. Between 8-9 weeks of age pairs of 

control and MSG treated male rats were decapitated and the eyes 

enucleated and placed on a petri dish filled with. ice. The eyes were 

cut around the equator and the retinae were dissected from the choroid 

using iris scissors, microforceps and a dissecting microscope. The 

retinae from a single animal were pooled for the binding assays. The 

brains of these animals were also removed and a gross dissection 

yielded the cerebral cortex, cerebellum, hippocampus and hypo

thalamus. Fresh tissues were made up as 1 percent homogenates (w/v) 

u s i n g 5 0 mM Tr i s H C l buffer ( pH 7 . 8 at 5 o C ) . T i s sue d i s r up t i on was 
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accomplished with a Bririkmann Polytron (setting 6, 2 x 30 seconds) and 

the equivalent of 1.0 mg of original tissue weight was used per assay. 

3 Binding Assays. The binding of [ H]flunitrazepam was studied 
q 

by filtration assay. Briefly, the parameters of [H]flunitrazepam 

binding to the various tissues were determined by the analysis of 6 

3 point saturation isotherms (0.1-5.0 nM [ H]flunitrazepam). Total 

binding was measured at every concentration of [ H]flunitrazepam in 

the presence of tissue and in a final volume of 2.0 ml (made up with 

50 mM Tris HC1). Nonspecific binding was measured in a homologous 

series of assays containing 5.0 uM unlabeled clonazepam. Specific 

binding was defined as the difference between total and nonspecific 

binding. After the addition of homogenate to the assays, an incuba

tion period of 90 minutes at 0-5°C followed. The incubation was 

terminated by filtration over Whatman GF/B glass fiber filters 

followed by three 5 ml rinses with ice cold buffer. Filters were 

placed in 8 ml of scintillation solution and 8-16 hours later 

radioactivity, originally trapped on the filters, was quantified by 

liquid scintillation spectroscopy. At every concentration of 

[ H]flunitrazepam, total and nonspecific binding were determined in 

duplicate: the only exception to this was with retinae from MSG 

treated animals which, due to the paucity of tissue, were run in 

singlet. 

Data Analysis. For the data analysis the duplicates were 

3 averaged and for a given concentration of [H]flunitrazepam a single 

value for the specific binding of [ Hjflunitrazepam was obtained. 

These data in turn were analyzed by a linear least squares regression 
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according to the Eadie-Hofstee equation. Thus, for an individual rat, 

values for the Bmax and of [ H]flunitrazepam binding were 

obtained. For a given tissue 4-5 controls and a similar number of MSG 

treated animals were studied; values for the Bmax and were 

averaged and significant differences were evaluated using Student's t 

test (Zar, 1974). Statistical comparisons of the slopes and y 

intercepts for linear regressions of nonspecific binding were made 

using the appropriate t tests (Zar, 1974). Proteins were determined 

by the method of Lowry et al. (1951). 

Histology. Retinae from MSG treated and control rats were 

dissected according to the previous description and placed in Bouin's 

fixative overnight. After a thorough washing in saturated lithium 

carbonate, the retinae were dehydrated in a graded series of alcohols, 

cleared in xylene and embedded in parafin. Sections, 7 yM thick, were 

cut and stained with hematoxylin and eosin. 

Measurement of Retinal GABA and Taurine. Retinae from MSG 

treated and control rats were dissected according to the previous 

description and placed in 99 volumes and 49 volumes of 0.1 M 

perchloric acid respectively. The samples were homogenized with a 

Brinkmann Polytron (setting 5.5, 2 x 10 seconds) and centrifuged for 

two minutes in a Beckman Microfuge B. The supernatant was brought to 

pH 12 with 1.0 M KOH and was centrifuged again to remove precipitated 

potassium perchlorate. Samples of the supernatant were used to 

measure GABA and taurine according to the high performance liquid 

chromatographic (HPLC) procedure of Larsen et al. (1980). This 

procedure makes use of fluorescence detection by precolumn 
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derivatization with o-phthalaldehyde: it has a lower limit of 

quantitation of approximately 5 pmoles per analysis. The only 

modification of the procedure was the substitution of ethanethiol for 

mercaptoethanol in the formulation of the o-phthalaldehyde reagent. 

With these methods the recovery of GABA was 98 percent. 

Results 

While this work was in progress a report by Paul et al. (1980) 

suggested that both brain type and peripheral type benzodiazepine 

binding sites were present in the rat retina. Although other reports 

on the binding of tritiated benzodiazepines to mammalian retina have 

not revealed the existence of two populations of binding sites, it 

seemed prudent to examine the binding of [ H]flunitrazepam in the 

rat retina over a wider concentration range and using a displacer 

known to be effective on the peripheral binding site; i.e. 

flunitrazepam. The results of these studies are presented in Figure 

8. It is apparent from the Eadie-Hofstee plots, and from the Hill 

plots, that the binding of [3H]flunitrazepam to the rat retina and 

cerebral cortex is adequately described by the concept of a single 

homogenous population of binding sites. Furthermore, there is no 

significant difference in the slope of the linear regression for the 

nonspecific binding obtained using 5 yM flunitrazepam (retina, Figure 

8 legend) as compared to using 5 yM clonazepam {control retina, Figure 

10 legend; t = 2.002, 8 d.f.). Since the y intercepts are not 

different (t = 1.465, 9 d.f.), under these conditions the use of 

either flunitrazepam or clonazepam as displacers gives the same amount 
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of nonspecific binding. It is clear that the wider concentration 

range of [ H]flunitrazepam (0.1-50.0 nM) used in Figure 8 offers no 

distinct advantage over the concentration range used for the other 

studies (0.1-5.0 nM). 

Figure 9 shows photomicrographs of retinae from control and MSG 

treated animals. Conspicuous is the nearly complete loss of ganglion 

cells and the tremendous thinning of the inner plexiform layer in the 

retina from the MSG treated rat. There is also a considerable 

reduction in the thickness of the inner nuclear layer, although the 

nuclei of a few bipolar and horizontal cells remain. The outer 

plexiform and outer nuclear layers appear unchanged in the retina of 

the MSG treated rat as compared to the control. Although it cannot be 

appreciated in Figure 9, the density of Muller cells is not altered. 

These findings reproduce those of a number of other studies (Hansson, 

1970; Lund Karlsen and Fonnum, 1976) and indicate that neonatal MSG 

administration is highly efficacious in producing selective retinal 

cytotoxicity. 

A number of other observations also indicated that the MSG 

treatment was effective in the present study. During the treatment 

period and up until 30 days after birth there were no significant 

differences either in the appearance or weight of the MSG treated 

animals compared with the controls. There was a 13 percent mortality 

in the MSG group during the treatment period and afterwards there were 

no unnatural deaths. Starting approximately 30 days postpartum the 

growth rate of the MSG treated rats was significantly depressed over 

that of the controls. This depression of growth has been previously 
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observed (Redding et al., 1971) and it could be related to 

hypothalamic cytotoxicity that has also been described (Olney, 

1969b). The growth depression was probably not a manifestation of a 

general toxicity since by 4 months of age the weights of the MSG 

treated and control rats were not significantly different (at this 

time however MSG treated rats appeared to be fatter, data not shown). 

At the time of sacrifice the weight of the retinae from MSG treated 

rats was significantly less than the weight of the retinae from con

trol rats (MSG, 13.8 ± 0.5 mg, n=4; control, 25.4 ± 2.3 mg, n=5; 

p<0.01). The protein content of the retinae however were not 

significantly different (MSG, 0.080 ± 0.003 mg protein/mg wet weight; 

control, 0.079 ± 0.005 mg protein/mg wet weight). 

Figure 10 shows the pooled saturation isotherms for specific 

[ H]flunitrazepam binding to retinae from 5 control and 4 MSG 

treated rats. The parameters of [ Hjflunitrazepam binding are 

obtained from a linear regression of an Eadie-Hofstee plot of the 

pooled data and not, as in Figure 11, from the combined averages of 

Bmax values obtained by individual Eadie-Hofstee plots. It is clear 

that with retinae from the MSG treated rats specific binding is 

depressed at every concentration of [ Hjflunitrazepam: the maximal 

binding capacity is decreased by 77 percent. The Kd is less in the 

MSG retinae but still within the range normally observed for 

[ H]flunitrazepam binding to control retinae. The nonspecific 

binding of [ H]flunitrazepam is not significantly different for the 

two groups of retinae (see legend, Figure 10). 
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Figure 11 shows the averages of the Bmax values for all the 

tissues examined in this study. In the cerebral cortex of MSG treated 

rats there appears to be a slight decrease in the maximal binding of 

[ H]flunitrazepam but this is not significant (p = 0.20). The 

decrease in the Bmax of [ H]flunitrazepam in the MSG retina is 

highly significant (p<0.001). The parameters obtained by averaging 

the values obtained in individual Eadie-Hofstee plots do not differ 

appreciably from those obtained from the pooled data shown in Figure 

10. {MSG, Bmax = 6.8 ± 1.6 fmol/mg tissue, Kd » 2.0 * 0.7 nM; 

control, Bmax = 28.0 ± 2.0 fmol/mg tissue, Kd = 1.5 ± 0.1 nM). 

There are no significant differences in the Kd values between 

treated and control rats for any of the tissues {data not shown). 

Figure 12 shows the results obtained from the measurements of 

GABA ana taurine levels by HPLC analysis. The GABA content of retinae 

from MSG treated animals is decreased 73 percent compared with control 

retinae (p<0.01). The taurine content in the MSG retinae is decreased 

by 38 percent but this is not statistically significant when all the 

data are used for the analysis. From inspection of the taurine data 

it appeared that one value from the control retinae was appreciably 

different; when this datum was eliminated the comparison of MSG with 

control retinae showed a 45 percent decrease in taurine (p<0.01). The 

new average for the taurine content of the control retinae was 14.0 ± 

1.0 ymol/g tissue. 
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Discussion 

The major findings of this study are that in the retinae of 

rats treated neonatally with MSG there is a dramatic reduction in the 

size of the inner plexiform layer and a marked reduction in the number 

of ganglion cells and cells of the inner nuclear layer. Associated 

with this neuronal cell loss is a 73 percent decrease in the GABA 

content, and a 77 percent decrease in the maximum binding of 

[ H]flunitrazepam. The taurine content of the MSG retinae also 

appears to have decreased while the histology of the outer nuclear and 

plexiform layers do not show gross alterations. Under our conditions 

the binding of [H]flunitrazepam to unwashed membranes of rat 

retinae can be described as an interaction with a single class of high 

affinity binding sites. 

The results of Paul et al. (1980) suggest the possible presence 

of both brain type and peripheral type benzodiazepine binding sites in 

the rat retina. When these authors used 1.0 uM clonazepam to define 

the nonspecific binding of [ Hjdiazepam to rat retinae they obtained 

a curvilinear Scatchard plot and it appears from their data that up to 

50 percent of the specific binding of [ H]diazepam is to peripheral 

type sites. Other authors using 10 yM diazepam {Borbe et al., 1980), 

5 uM clonazepam (Regan et al., 1980; Osborne, 1980) or 4 yM 

flunitrazepam (Howells et al., 1979) to define nonspecific binding all 

obtained linear Scatchard plots for tritiated benzodiazepine binding 

to rat and bovine retinae. Although the studies of bovine retinae 

have used a wide range of ligand concentrations (0.5-50.0 nM; Borbe et 

al., 1980; Osborne, 1980), studies of the rat retina have utilized a 
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lower range (0.04-7.5 nM; Howells et al., 1979; Regan et al., 1980). 

The present studies (Figure 8) have used a sufficiently wide 

3 concentration of [ H]flunitrazepam and the appropriate displacer to 

theoretically detect both brain type and peripheral type binding sites 

yet only brain type benzodiazepine receptors can be detected. It is 

noted that at concentrations of [H]flunitrazepam over -6.0 nM, the 

level of nonspecific binding in the rat retina exceeded that of the 

specific binding. At a concentration of 25 nM ['H]flunitrazepam, 

the nonspecific binding was 240 percent greater than the specific 

binding; thus the concentration and choice of the displacer used to 

define nonspecific binding may determine the existence of the low 

affinity sites. Based on the affinity of [ H]flunitrazepam for 

peripheral type binding sites in the rat kidney (Chapter 3, Table 6), 

it is estimated that to escape detection in the present experiments, 

peripheral type benzodiazepine binding sites would be less than 5-10 

percent of the total number of benzodiazepine binding sites in the rat 

retina. 

The use of HPLC analysis to study the concentrations of retinal 

amino acids gave results that were in good agreement with values 

obtained by other methods of analysis (Pasantes-Morales et al., 

1972). In the development of the present methods, GABA was initially 

separated from other amino acids using ion exchange chromatography, 

however, this step turned out to be unnecessary because of the good 

separation of GABA from other amino acids on the HPLC column. Taurine 

was easy to identify because it was so abundant. This is the first 

time that retinal GABA and taurine have been examined by HPLC analysis 
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and it is a method that offers advantages in terms of simplicity, time 

and sensitivity. 

The decrease in GABA found in this study corresponds to the 

findings of other investigators of a marked decrease in retinal GABA 

following neonatal MSG treatment {Macaione, 1972; Cohen et al., 1973; 

Lund Karlsen and Fonnum, 1976). Investigations of taurine levels 

following neonatal MSG treatment have found a slight increase (Cohen 

et al., 1973) and a slight decrease (Lund Karlsen and Fonnum, 1976) in 

retinal taurine levels. The finding of a decrease in retinal taurine 

after MSG treatment is probably meaningful, especially in view of 

other studies on the distribution of retinal taurine. For example, 

Orr et al. (1976) used a technique that separates the retina into 9 

layers; they found that approximately 67 percent of the taurine 

content of the rat retina is associated with the photoreceptor, outer 

nuclear and outer plexiform layers. Additionally, in mice that have 

an inherited photoreceptor cell dystrophy, retinal taurine levels are 

only 37 percent of control retinae (Cohen et al., 1973). The present 

findings of a 38-45 percent decrease in taurine, and the histological 

findings of intact photoreceptor cell and outer nuclear layers, lend 

credence to the idea that approximately 60 percent of retinal taurine 

is associated with these layers. 

Recently, two short communications have appeared on the effects 

of neonatal MSG (Skolnick et al., 1980a) and acute kainic acid (Willow 

and Morgan, 1980) on the binding of [ H]diazepam to retinae of rat 

and chickens respectively. Without characterizing the histology, the 

3 
former study found an 88 percent decrease in [ H]diazepam binding in 
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the retinae of MSG treated rats. Although Kd and Bmax values were 

not actually determined, their results were compatible with a decrease 

in Bmax. In the study by Willow and Morgan (1980), the authors claim 

that there are two populations of [ H]diazepam binding sites in the 

avian retina and that kainic acid eliminates the low affinity sites. 

The basis of Willow and Morgan's claim for the disappearance of the 

low affinity sites rests solely on the results of saturation studies. 

These studies however are unusual in that 7 points were used for the 

study of control retinae whereas only 4 points were used to study the 

lesioned retinae. Furthermore, these authors show data wherein the 

binding of 1.0 nM [ H]diazepam was approximately 62 percent less in 

the retinae from kainic acid treated chickens as compared to the 

control chickens. Given Willow and Morgan's estimation of the of 

the low affinity site (132 nM), there would be virtually no binding to 

low affinity sites at 1.0 nM [ Hjdiazepam; thus one would be forced 

to conclude that the lesion is to the high affinity binding sites. 

Such an interpretation of their results would corroborate the findings 

of Skolnick et al. (1980a) who also examined the effects of kainic 

acid on rat retinae and found a decrease in high affinity 

[ Hjdiazepam binding. 

The results of the present investigation clearly show that the 

decrease in [ H]flunitrazepam binding, resulting from neonatal MSG 

administration, is due to a decrease in receptor density. The present 

results also show a remarkable quantitative correlation between the 

decrease in benzodiazepine binding sites and the decrease in the GABA 

content of MSG lesioned retinae. Since the major cellular loss, as 



demonstrated in this study and others, is to ganglion cells and 

neurons of the inner nuclear layer it seems evident that GABA and 

brain type benzodiazepine receptors are associated with neuronal el 

ments in the retina. 
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The retinae and cerebral cortices of two adult male Sprague-Oawley · 
rats were dissected and prepared for the binding assays as described 
i n Methods (Chapter 4). Nine point saturation isotherms, in the range 
of 0.1-50.0 nM [3H]flunitrazepam, were conducted as described in 
Methods except that nonspecific binding was obtained in the presence 
of 5 uM unlabeled flunitrazepam. The data for the specific binding 
shown above were analyzed by linear least squares regress i ons. For 
the cerebral cortex the parameters ± the standard errors are: Bmax = 

150 ± 3 fmol/mg tissue, Kd = 1.40 ± 0.06 nM. For the retinae the 
parameters are: Bmax = 21.5 ± 0.7 fmol/mg tissue, Kd = 1.32 ± 0.08 
nM. The coefficients of determination (r2) for the preceding 
regressions are> 0.973. The Hill coefficient for the retina is 0.97 
± 0.04 ; for the cerebral cortex it is 0.95 ± 0.04; these values were 
not signifi~antly different and a single line was drawn for both sets 
of data. The regression line for the nonspecific binding of 
[3H]flunitrazepam (0.1 - 5.0 nM, data not shown) in the retina was: 
y = 3.56x- 0.04 (n=6, r2 = 0.999). 
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Figure 9. Photomicrographs of MSG Lesioned Retinae (A) and of 
Control Retina (B). 
Prepared as described inMethods (Chapter 4), hematoxylin-eosin 
stained, x200. Outer nuclear layer, ONL; outer plexiform layer, 
OPL; inner nuclear layer, INL; inner plexiform layer, IPL; and 
ganglion cell layer, GL. 
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Control Retinae 
Bmax = 31.1 fmol/mg tissue 

Kd = I. 7 nM 

MSG Retinae 
Bmax = 7.1 fmoi/ mQ tissue 

Kd= 1.3nM 

2 3 
[3H]Flunitrozepam (nM) 

4 5 

Figure 10. The Specific Binding of r3H1Flunitrazepam to Control (o) 
and MSG Lesioned Retinae (e). 
Each point represents the mean ± S.E.M. of the pooled data of separate 
saturation isotherms from five control and four MSG rats. The 
specific binding of [3H]flunitrazepam to the retinal membranes was 
determined as described in Methods (Chapter 4). The Bmax and Kd 
values were determined from the meaned data by a least squares linear 

· regression of an Eadie-Hofstee plot. Regression lines for the 
nonspecific binding (data not shown) were: control retinae, y = 3.80x 
- 0.01 (n = 6, r2 = 0.997); MSG retinae, y = 3.72x- 0.40 (n = 6, 
r2 = 0.995); the slopes of these regressions were not significantly 
different (t = 0.470, d. f. = 8), nor were they intercepts (t = 1.522, 
d.f. = 9). 
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hypothalamus retina 

shaded bars . 
The · data represent means± S.E.M. 1

S of Bmax values obtained from four 
or five separate saturation studies. Saturation isotherms and data 
calculation were conducted as described in Methods (Chapter 4). The 
only significant difference is for the retina (p < o.ooi). 
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percent of control. The data represent means± S.E.M. 's of separate 
measurements from 3 treated and 3 control rats. Preparation of the 
tissue and quantitation were conducted as described in Methods 
(Chapter 4). 



CHAPTER 5 

CL 218,872: EVIDENCE FOR THE HETEROGENEITY OF CENTRAL 

BENZODIAZEPINE RECEPTORS. 

CL 218,872 (3-methyl-6-[3-(trifluoromethyl)phenyl]-l, 2, 

4-triazolo [4,3-6]pyridazirie, see Figure 13) is a prospective 

anxiolytic drug which can inhibit the binding of tritiated 

benzodiazepines to brain tissue (Klepner et al., 1979; Lippa et al., 

1979; Squires et al., 1979). Another anxiolytic, zopiclone, is 

chemically unrelated to both the benzodiazepines and CL 218,872 and it 

too inhibits the binding of tritiated benzodiazepines to brain tissue 

(Blanchard et al., 1979). 

Unlike the benzodiazepines or zopiclone, the inhibition of 

[ H]flunitrazepam binding by CL 218,872 does not obey the mass 

action laws that govern simple molecular interactions (bimolecular 

association, monomolecular dissociation). The deviations of CL 

218,872 from simple mass action law are visualized by log 

dose-inhibition curves that cover more than two orders of magnitude 

and Hill coefficients or slope factors that are less than one. Such 

deviations may be described by a number of molecular mechanisms, 

including the concepts of multiple classes of independent binding 

sites, transition states of a single binding site, negative 

cooperativity ana others (Boeynaems, 1977). It was also observed that 

the atypical log dose-inhibition curves of CL 218,872 had a regional 

specificity. For example, CL 218,872 inhibition of 

6 6  
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- 3  [ H]flunitrazepam binding to membranes prepared from the cerebral 

cortex gave slope factors less than one, whereas with membranes from 

the cerebellum, slope factors close to one were found (Klepner et al., 

1979). These findings herald the possibility that unique aspects of 

the pharmacology of the benzodiazepines could reflect the particular 

molecular mechanism giving rise to these unorthodox inhibition 

curves. Therefore the study of the interactions of CL 218,872 with 

benzodiazepine binding sites merits critical examination. 

To continue the investigation of the characteristics of retinal 

and renal benzodiazepine binding sites the inhibition of 

[ H]flunitrazepam binding by CL 218,872 was examined in these 

tissues. It was felt that three important questions could be 

addressed by these experiments. As mentioned above, CL 218,872 can 

resolve differences between benzodiazepine binding sites within the 

brain itself; i.e. between the cerebral cortex and cerebellum. Thus 

studies of CL 218,872 inhibition of retinal [^H]flunitrazepam 

oinding appeared to be a good way to probe the extent of the 

relationship between the retinal benzodiazepine binding sites and 

those of the brain. The same logic also applied to the renal 

benzodiazepine binding sites; however given the extent of the 

differences between them and the central binding sites it was reasoned 

(incorrectly) that there would not be any significant interaction of 

CL 218,872 with peripheral benzodiazepine binding sites. 

A second question had to do with the hypothesis that the 

molecular mechanisms giving rise to the atypical CL 218,872 inhibition 

curves in the cerebral cortex might represent the basis for the 
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different pharmacologic actions of the benzodiazepines. For example, 

if these atypical inhibition curves represent interactions of CL 218, 

872 with two classes of independent binding sites, then perhaps one 

class is responsible for mediating anticonvulsant activity and the 

other class anxiolytic activity. On the presumption that the 

foregoing is true, and given that the peripheral benzodiazepine 

binding sites do not mediate the actions of the benzodiazepines, one 

would expect to see simple mass action inhibition of renal 

C^H]flunitrazepam binding by CL 218,872. 

A third question had to do with the effects of GABA on the 

inhibition of [ H]flunitrazepam binding by CL 218,872. As discussed 

in Chapter 1 and elsewhere in this dissertation, the involvement of 

GABAergic mechanisms is an important aspect of the pharmacology of the 

benzodiazepines. With regard to CL 218,872, Klepner et al. (1979) 

reported that GABA had no effect on the IC5Q of CL 218,872 as 

measured by the inhibition of [ H]flunitrazepam binding. These 

workers postulated that-a subclass of benzodiazepine receptors is GABA 

independent and that this subclass may mediate the anxiolytic effects 

of benzodiazepines. Given the importance of this hypothesis the 

3 effect of GABA on the inhibition of [ H]flunitrazepam binding by CL 

218,872 was reinvestigated. 

Methods 

Preparation of Membranes. Bovine eyes were obtained from a 

local slaughterhouse, the retinae were removed and then frozen at 

-20°C until use. Kidneys, cerebral cortices and cerebella were 
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removed from decapitated rats on the day of the experiment. All 

tissues were homogenized in 39 volumes of buffer with a Brinkmann 

Polytron (setting 6; 2 X 30 seconds). Following the initial 

homogenization, two methods of membrane preparation, utilizing 

different buffers, were employed. The first method (Method A), used 

in the experiments depicted in Figures 14 and 15, involved the 

following. Tissues were homogenized in a 50 mM Tris HC1 buffer and 

the homogenates were centrifuged at 49,000 x g for 15 minutes. The 

supernatants were discarded and the pellets were resuspended in the 

original volume of 50 mM Tris HC1 buffer. The membranes were washed 

once by repeating the centrifugation and resuspension. The second 

method of preparing membranes (Method B) was used for the experiments 

depicted in Tables 7 and 8 and in Figure 16. For the initial 

homogenization and all subsequent resuspensions, method B used 50 mM 

sodium potassium phosphate buffer containing 100 mM NaCl, pH 7.4 

(phosphate buffered saline or PBS). The tissues were homogenized as 

described above and the homogenates were centrifuged at 49,000 x g for 

15 minutes. The supernatants were discarded and the pellets were 

resuspended in the original volume of PBS buffer. The membranes were 

washed three times by repeating the centrifugation and resuspension 

three more times. Following the final resuspension the membrane 

suspension was frozen for approximately 16 hours at -20°C. 

Immediately prior to use, the suspension was thawed at room 

temperature and then centrifuged and resuspended as described above. 

3 
Binding Assays. The binding of [ H]flunitrazepam (NEN, 83 

Ci/mmole) was measured by filtration assay techniques. The final 
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concentration of [ H]flunitrazepam per assay was 1.0 nM. For 

membranes prepared by Method A, the final volume of the assays was 

brought to 2.0 ml using 50 mM sodium potassium phosphate buffer, pH 

7.4. For membranes prepared by Method B, the final volume was brought 

to 2.0 ml using the PBS buffer. Regardless of the method used to 

obtain membranes, the equivalent of 2.5 mg original tissue was used 

per assay for the membranes prepared from kidney and retina; for 

cerebral cortex and cerebellum, the equivalent of 1.25 mg original 

tissue was used. In all the inhibition experiments the assays were 

performed in triplicate using 12 concentrations of inhibitor. Total 

binding was determined in the absence of inhibitors. Binding to 

filters was measured in assays lacking both membranes and inhibitor. 

After the addition of membranes to the assays, an incubation period of 

90 minutes at 0-5°C followed. The incubation was terminated by 

filtration over Whatman GF/B glass fiber filters followed by three 5 

ml rinses with ice cold buffer. Filters were placed in 8 ml of 

scintillation solution and 8-16 hours later the radioactivity was 

quantified by liquid scintillation spectroscopy. 

Data Analysis. Triplicates were averaged and the average for 

the filter binding was subtracted from the average for the total 

binding and from the averages for the binding occurring at each 

inhibitor concentration. These data were graphed (as in Figures 14 

and 15) and the level of nonspecific tissue binding was taken as the 

amount of binding occurring at maximum displacement. The nonspecific 

tissue binding was then subtracted from the total binding and from the 

binding occurring at each inhibitor concentration to give specific 
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binding. Slope factors were calculated from a least squares linear 

regression of log [B^/Bg-B^] on log [I] where [I] is the 

concentration of inhibitor in moles/liter, Be is the amount of 

specific [ H]flunitrazepam bound at equilibrium (in the absence of 

inhibitor) and B.. is the amount of specific [ H]flunitrazepam 

bound at a given concentration of inhibitor. This analysis is 

analogous to the Hill equation, however, since the present analysis 

uses indirect binding data, the term slope factor will be used instead 

of Hill coefficient (DeLean et al., 1978). The actual values used in 

the linear regression included all the data between the asymptotes for 

the maximum and minimum specific binding as judged from the inhibition 

curves. For a given inhibitor, the apparent equilibrium dissociation 

constant (K^) was calculated from its IC50 using the following 

formula: K. = IC^q * (1 + [L]/«d) where [L] is the free 

concentration of radiolabeled ligand and is the apparent 

equilibrium dissociation constant of the labeled ligand (Bennett, 

1978). In all experiments the total amount of [ H]flunitrazepam 

bound (in the absence of inhibitor) was generally much less than 5 per 

cent of the total quantity of ['H]flunitrazepam added; thus the 

total concentration of [ H]flunitrazepam could be used as an 

approximation for the free concentration of [ H]flunitrazepam. Kd 

values for [ H]flunitrazepam were determined in concurrent 

saturation studies using the previously described methods (Chapter 4). 

The data in Tables 7 and 8 were analyzed either by a one way or 

two way analysis of variance (ANOV) (Zar, 1974). Tests of 

significance were made at either at p = 0.05 or 0.01. If significant 
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treatment effects were found, individual differences were determined 

using the Newman-Keuls multiple range test. If significant 

interaction effects were found in the two way ANOV's, the effects of a 

particular factor were determined for either the rows or the columns, 

depending upon which factor was of the greatest interest. All of the 

data are expressed as the mean ± the standard error of the mean. The 

variance of K. values tends to be proportional to their means, and 

in the present experiments this was found to be true (Bartlett's test, 

p<0.05); thus for the statistical analyses, K- data were 

logarithmically transformed (Zar, 1974). 

The statistics presented in Tables 9 and 10 were obtained from 

nonlinear least square regression analyses. Initial parameter 

estimates were obtained from a computerized iterative procedure, 

programmed in BASIC by Susan H. Yamamura, on an Apple II 

microcomputer. The final parameter estimates and their standard 

deviations were obtained from a CYBER computer using the program, 

NONLIN (Metzler, 1969). The nonlinear regression models that were 

used consisted of a one parameter equation and a three parameter 

2 equation which described the interaction of a ligand with either 

one or two classes of independent binding sites, respectively 

1. Bi = 100 * (1 + [I]i/IC50); where Bi is the specific 
binding of [^H]flunitrazepam at a given concentration of inhibitor 
([13i)- IC50 is the concentration of inhibitor giving 50 of the 
specific binding in the absence of inhibitor. 

2. Bi ={BmaxH *{1 + [I]i/IC50h)> + {(100-BmaxH)*(1 + 
CI]l/IC50L)> where Bmax^ is the percent of high affinity binding 
site and IC50H and IC50L are the ^SO's °f hi9h anc! ^ow 

affinity sites, respectively. 

4 
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(Birdsall et al., 1979). Mean data from sets of experiments were 

successively fit to each of the regression models and the residuals 

were weighted with the reciprocal of the variance. Examination of the 

weighted residual sum of squares and an F test were used to evaluate 

the two models (Boxenbaum et al., 1974). 

Results 

Figure 14 shows the inhibition of [Hjflunitrazepam binding 

to renal membranes by CL 218,872 and by a number of benzodiazepines. 

Ro 5-4864, flunitrazepam and diazepam are rather potent with IC^q1s 

in the nanomolar range: logit-log analyses of these curves reflect 

simple molecular interactions (slope factors - 1). The other 

_ 3 -benzodiazepines inhibit [ Hjflunitrazepam binding with IC^g's in 

the range of 1-6 yM. The non-benzodiazepine anxiolytic, CL 218,872, 

inhibits [Hjflunitrazepam with a potency comparable to the majority 

of the benzodiazepines tested. In addition, the shape of CL 218,872's 

displacement curve is similar to that of the other benzodiazepines and 

its slope factor is approximately 1. 

Figure 15 shows the inhibition of [Hjflunitrazepam binding 

by CL 218,872 and by unlabeled flunitrazepam in bovine retina and rat 

cerebellum. Compared to the other curves the inhibition of 

[^Hjflunitrazepam binding by CL 218,872 in the bovine retina is more 

shallow, which is reflected by the value of its slope factor (0.66). 

The slope factor for CL 218,872 in the retina differs markedly from 

the slope factor for flunitrazepam in this tissue (1.06). In the 

cerebellum the slope factors for CL 218,872 and flunitrazepam are 
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nearly the same (~0.9). 

Table 7 gives the results of a study of the effects of GABA on 

the inhibition of [ H]flunitrazepam binding by CL 218,872 in several 

tissues. In all these tissues the presence of 100 yM GABA causes a 

dramatic decrease in the of CL 218,872. This decrease in is 

remarkably uniform averaging about 60 percent. A comparison of K.. 

values between tissues, both in presence and absence of GABA, shows a 

corresponding pattern; i.e. the K. values for the retina and 

cerebral cortex are not significantly different from each other but 

both are larger than the for CL 218,872 in the cerebellum. The 

presence of chloride ion was not essential for the GABA enhancement of 

CL 218,872 inhibition of [^H]flunitrazepam binding. (Instead of 

using the PBS buffer, membranes were prepared with, and binding assays 

were conducted in a 50 mM sodium potassium phosphate buffer; in the 

presence of 100pM GABA a 57 percent decrease in was obtained). 

The effects of 100 pM GABA on the inhibition of 

[ H]flunitrazepam binding by CL 218,872 in washed renal membranes 

are shown in Figure 16. In the presence of 100 uM GABA there was a 

slight shift to the right of the log-dose inhibition curve, indicative 

of a small degee of competitive inhibition. Examination of the 

individual CL 218,872 concentrations, however, shows that in most 

instances the standard error of the replicates overlap. One can also 

see that in the absence of CL 218,872 there was no enhancement of 

[ H]flunitrazepam binding in the presence of GABA. Comparison of 

Figures 14 and 16 show that level of [ H]flunitrazepam binding at 

maximum displacement is increased in Figure 16. This increase in 
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residual or nonspecific binding may be due to the more drastic 

membrane preparation used for the GABA-effect experiments. 

The data in Table 7 show that GABA did not significantly affect 

the slope factors for CL 218,872 in any tissue. Additionally, the 

slope factors for CL 218,872 in the cerebral cortex and retina are not 

different from each other but they are significantly different from 

the slope factor obtained in the cerebellum. These data also show 

that the slope factor for CL 218,872 in the cerebellum does not equal 

1, which corroborates data in Figure 15 and other published results 

(Klepner et al., 1979). 

Table 8 shows the effects of the GABA antagonist, 

(+)bicuculline, on the inhibition of [ H]flunitrazepam binding by CL 

218,872 in the presence and absence of GABA in membranes prepared from 

rat cerebral cortex. These data confirm the decrease in K. due to 

GABA that is observed in Table 7. They also show that when GABA and 

(+)bicuculline are present in equimolar quantities, the normally 

observed decrease in is reversed; i.e. there is a highly 

significant 160 percent increase in the of CL 218,872. In the 

presence of IOOJIM {+)bicuculline alone, there is a remarkable 258 

percent increase in the of CL 218,872. This compares with the 

106 percent increase in the Kd of [ H]flunitrazepam that is 

obtained in simultaneously determined saturation isotherms (data not 

shown). The slope factors for CL 218,872 that are obtained with the 

control and with lOOyM GABA compare favorably to those shown in Table 

7. Slope factors obtained in the presence of (+)bicuculline and 

(+)bicuculline plus GABA are slightly increased over the control, 
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however, the increase is not statistically significant. 

The results of nonlinear least squares regression analyses are 

shown in Table 9 for models describing ligand interactions with either 

one or two classes of independent binding sites. Examination of the 

weighted residual sum of squares show that for all the central 

tissues, fitting the data to the 2 site model results in a significant 

decrease in the residual variation as compared to the 1 site model. 

In kidney membranes however,.fitting the data to the 2 site model is 

not associated with a significant decrease in the weighted residual 

sum of squares. In addition the 2 site regression model for the 

kidney membranes give an estimate for ICjql that is unreasonable. 

Similarly, when the 2 site model was used for regressions with data 

obtained from the inhibition of [ H]flunitrazepam binding by 

unlabeled flunitrazepam there was either no improvement over a 1 site 

model, or else irrational parameter estimates were obtained (data not 

shown). Table 9 shows that the 2 site model gives estimates of 

ICgQH that are of a similar magnitude regardless of the tissue; the 

same is true for ICgQL> These data also show that the proportion of 

high and low affinity sites differs greatly between the cerebral 

cortex and retina on the one hand and the cerebellum on the other. 

Table 10 summarizes the results of nonlinear least squares 

regression analyses on the data obtained from the experiments 

described in Table 8. Comparing the results obtained in the presence 

of lOOuM GABA with the results of the two site analyses shown in Table 

9 reveal that the estimates of the IC5q's of the high and low 

affinity sites are of the same magnitude. Additionally, Table 10 
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shows that GABA and/or (+)bicuculline affect the magnitude of the 

ICgo's both high and low affinity sites. In the presence of 

lOOyM GABA there was 71 percent decrease in the magnitude of 

and a 66 percent decrease in ICgQ^. Similarly in the presence of 

lOGpM (+)bicuculline the IC^q of the high affinity site increased 

298 percent and for the low affinity site the ICgg increased by 357 

percent. Regardless of the addition, the proportion of high affinity 

sites was not consistently affected. 

Discussion 

Several important aspects of the interaction of CL 218,872 with 

benzodiazepine binding sites may be deduced from the results of this 

study. First, as demonstrated by the inhibition of 

[ H]flunitrazepam binding, CL 218,872 interacts with both the 

peripheral type benzodiazepine binding site and the central one. 

Second, among the central benzodiazepine binding sites it appears that 

the retina and cerebral cortex share common characteristics which 

differ from those of the cerebellum. Third, the affinity of CL 

218,872 for central benzodiazepine receptors is markedly increased in 

the presence of GABA. This increase in affinity is of a similar 

magnitude for the retina, cerebral cortex and cerebellum and can be 

antagonized with (+)bicuculline. Additionally (+)bicucul1ine, in the 

absence of exogenously added GABA, significantly decreases the 

affinity of CL 218,872 in extensively washed membranes of the cerebral 

cortex. Finally, slope factors for CL 218,872 are resistant to change. 
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As demonstrated in this study, and in others (Klepner et a!., 

1979; Lippa et al., 1979; Squires et al., 1979), CL 218,872 inhibits 

3 3 the binding of [ H]flunitrazepam and [ H]diazepam to cerebral 

membranes. The present findings also show that CL 218,872 inhibits 

the renal binding of [H]flunitrazepam in a manner similar to that 

of many benzodiazepines. There are fundamental differences between 

the central benzodiazepine binding sites and those of the periphery: 

the differences include different orders of potency for a number of 

drugs, and for the peripheral binding site, a lack of correlation 

between binding and pharmacologic activity and the absence of a GABA 

effect. Given these differences one would not expect a priori 

similarities in the binding characteristics of two chemically 

dissimilar compounds on a fundamentally different type of binding 

site. However, similarities both with respect to potency and slope 

factor were observed between a number of benzodiazepines and CL 

218,872 on the inhibition of [ H]flunitrazepam to membranes prepared 

from the rat kidney. These findings suggest that there may be 

similarities between the basic molecular interactions that govern 

ligand binding to the renal benzodiazepine binding site and those that 

govern ligand binding to the central benzodiazepine receptor. It is 

clear however that there is a limit to these similarities. From 

inspection of the parameters of CL 218,872 inhibition of 

[ H]flunitrazepam binding in the kidney and cerebral cortex (Table 

7) there are considerable differences in both the K^'s and the slope 

factors. These results therefore do not refute the hypothesis that 

the unique interactions of CL 218,872 with benzodiazepine binding 
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sites in the cerebral cortex might represent the molecular basis for 

some of the different pharmacologic actions of the benzodiazepines. 

For tissues from the central nervous system the results of the 

present investigation are consistent with the idea that there are two 

classes of benzodiazepine binding sites. The best evidence for this 

conclusion are the results of the nonlinear least squares regression 

analyses which consistently showed that a two site regression model 

gave an improved fit of the data over a one site model. These 

analyses can also explain the apparent differences in the K.. and 

slope factor values that are observed between the cerebellum and the 

cerebral cortex when the CL 218,872 inhibition data are analyzed by a 

conventional logit-log technique. For example the larger K. 

obtained by logit-log analysis for CL 218,872 inhibition of 

[ H]flunitrazepam binding in the cerebral cortex as opposed to the 

cerebellum may be a reflection of the greater porportion of low 

affinity sites in the cerebral cortex. The observation that the 

respective IC^q values for the high and low affinity sites are of a 

similar magnitude for both the cerebral cortex and cerebellum suggests 

that the benzodiazepine binding sites of these tissues are similar and 

that it is only the ratio of high to low affinity sites which differs 

between these tissues. An interesting consideration in this regard is 

the development of the retina and cerebral cortex as compared to the 

cerebellum. The retina and cerebral cortex are both derived from the 

telencephalon whereas the cerebellum develops from the metencephalon: 

perhaps the distribution of alleged central benzodiazepine receptors 

is determined by the embryologic origin of the tissue. 



80 

Another possibility that is raised by the two site nonlinear 

regression analyses is that the low affinity benzodiazepine binding 

sites observed in the retina, cerebral cortex and cerebellum might be 

analogous to the benzodiazepine binding sites found in the kidney. 

Two observations militate against this notion. First, according to 

the two site model the proportion of low affinity benzodiazepine 

binding sites in the cerebral cortex, or retina, is approximately 40 

percent of the total number of sites labeled by [ H]flunitrazepam. 

If these low affinity central benzodiazepine binding sites were 

equivalent to the peripheral benzodiazepine binding sites then linear 

transformations of [ H]flunitrazepam saturation isotherms to 

cerebral or retinal membranes should be curvilinear: this is not the 

case (see Figures 2, and 8). A corollary to this is that 

[ H]flunitrazepam labels both of the central benzodiazepine binding 

sites with equal affinity whereas it has been previously shown that 

the binding of [H]flunitrazepam to peripheral sites is of lower 

affinity than to central ones (cf.Tables 1 and 6). Another 

observation which does not support the equivalency of low affinity 

central benzodiazepine receptors and of peripheral benzodiazepine 

binding sites concerns the effects of GABA on the inhibition of 

[H]flunitrazepam binding by CL 218,872. In cerebral, retinal and 

cerebellar membranes it appeared that GABA enhanced the affinity of 

the low affinity as well as of the high affinity binding sites whereas 

in renal membranes slight inhibition was observed. 

Another concept which is often used to explain results of the 

present kind is that of negative cooperativity. Although this concept 
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has a precise molecular meaning in the context of certain well studied 

enzymatic systems, it embraces a number of molecular models when used 

to explain equilibrium binding data (Boeynaems, 1977). Included in 

these models are the concepts of multiple classes of independent 

binding sites, slowly convertible transition states of a single 

receptor, coupling between ligand binding ana receptor aggregation, 

and others. The present experimental design cannot resolve among 

these models, however, studies of the thermal inactivation (Squires et 

al., 1979) and of the solubilization (Sieghart and Karobath, 1980; 

Johnson et al., 1980) of benzodiazepine binding sites imply the 

existence of multiple classes of sites. 

In summary the parameters of the inhibition of 

[ Hjflunitrazepam binding by CL 218,872 have been investigated in 

several tissues and under different conditions. There are two 

fundamental types of benzodiazepine binding sites: those represented 

by membranes prepared from the retina, cerebral cortex and cerebellum 

(so called central benzodiazepine receptors) and those represented by 

membranes prepared from the kidney (termed peripheral benzodiazepine 

binding sites). Of the former, the parameters of CL 218,872 binding 

show that the receptors in cortical and retinal membranes differ from 

those in cerebellar membranes. One possible explanation of these 

results is that there are two classes of central benzodiazepine 

receptors which are independent and of differing affinities. If this 

is true then both classes are modulated by GABA and the relative 

proportion of the two classes varies between tissues. 
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TABLE 7 

Parameters for the Inhibition of [^HjFlunitrazepam Binding by 
CL 218,872 in the Presence and Absence of 100 pM GABAa 

Tissue13 
No GABA GABA 

Tissue13 

Ki (nM) Slope Factor. Kj(nM)c Slope Factor^ 

Cerebral Cortex 179 ± 4 0.73 * 0.02 76 ± 8 0.76 ± 0.01 
Cerebellum 69 ± 2 0.87 ± 0.04 29 ± 2 0.88 ± 0.05 
Retina 223 ± 43 0.64 ± 0.04 81 ± 4 0.67 ± 0.03 

a The inhibition of [^H]flunitrazepam binding was studied as 
described in Methods (Chapter 5) using membranes prepared by Method B. 
Kj's and slope factors were calculated as described in Methods 
(Chapter 5) and represent the mean ± S.E. of three separate experiments. 

b Cerebral cortices and cerebella were obtained from rats; retinae 
were obtained from cows. 

c K-j data were analyzed by a two way analysis of variance (ANOV) 
with replications. The ANOV showed that there was a highly significant 
effect of 100 pM GABA on the K-j values for CL 218,872 inhibition of 
[^H]flunitrazepam binding, F(l,12) = 149.6, p<0.01. The analysis 
also showed that there were significant differences in K-j values 
between tissues, F(2,12) = 97.1, p<0.01, and that there were no 
interaction effects, F(2,12) = 0.6. The Newman-Keuls multiple range 
test was used to check for individual differences; the major findings 
were that in every tissue, GABA caused a significant decrease in the 
K-j, p<0.01. Additionally, it was found that the K-j values for the 
cerebral cortex and retina were not significantly different from each 
other, either in the presence or absence of GABA, p>0.05; however, K-j 
values for both the cerebral cortex and retina were significantly 
different from the K-j values for the cerebellum, both in the presence 
and absence of GABA, p<0.01. 

d The slope factor data were0analyzed by a two way ANOV with 
replications. The analysis showed that there was no significant effect 
of GABA on the slope factors, F(l,12) = 0.7, p>0.05; however, there was 
a significant difference in the slope factors between tissues, F(2,12) 
= 20.6, p<0.01. There were no interaction effects, F(2,12) = 0.04, 
p>0.05. The Newman-Keuls test showed that the slope factors for the 
cerebellum were significantly different from the slope factors for the 
cerebral cortex and the retina, p<0.05; however, the slope factors for 
the cerebral cortex and retina were not significantly different from 
each other, p>0.05. 



83 

TABLE 8 

The Effects of (+)Bicuculline on the Inhibition of [^HjFlunitrazepam 
Binding by CL 218,872 in the Presence and Absence of GABA in Membranes 
Prepared From Rat Cerebral Cortex* 

Addition K-j(nM)b Slope Factor0 

Control 183 ± 12 0.77 £ 0.05 

100 uM GABA 90 ± 20 0.70 0.01 

100 yM (+)bicuculline 655 ± 95 0.80 0.07 

BC and GABA (100 pM, each) 475 118 0.86 ± 0.10 

a The inhibition of [3H]flunitrazepam binding was studied as 
described in Methods (Chapter 5) using membranes prepared by isolation 
proceaure B. K-j's and slope factors were calculated as described in 
Methods (Chapter 5) and represent the mean ± S.E.M. of three separate 
experiments. 

b The K-j data were analyzed by a one way ANOV, which showed that 
there were significant treatment effects, F(3,8) = 20.7, p<0.01. The 
Newman-Keu 1 s test showed that the K-j obtained in the presence of 
GABA was different from all the other groups, p<0.05. In addition, 
the K-j's obtained in the presence of bicuculline, and in the 
presence of bicuculline and GABA were different from control, but they 
were not different from each other, p<0.05. 

c The slope factor data were analyzed by a one way ANOV, which 
showed no significant treatment effects, F(3,8) = 1.71, p>0.05. 
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Table 9 

A Comparison of One Site vs. Two Site Models for the Inhibition of 
[3H]Flunitrazepam Binding by CL 218,872a 

Parameters 
Tissue n*3 

IC5oH(nM) BmaxH (%) IC50L(nM) WSSC 

Cerebral Cortex 1 174 ± 8 100 235.2 
2 35 2 58 ± 1 1,000 ± 100 12. ld 

Cerebellum 1 58 ± 1 100 33.7 
2 43 1 95 ± 1 6,600 ± 100 0.4d 

Retina 1 235 ± 14 100 615.9 
2 34 1 61 ± 1 1,600 ± 50 8.4d 

Kidney 1 2,600 ± 30 100 125.1 Kidney 
2 2,700 ± 600 99 ± 2 0.22 113.3 

a Data for the cerebral cortex, cerebellum and retina were obtained 
from the experiments described in Table 7 that were conducted in the 
presence of 100 uM GABA. Kidney data were obtained from the 
experiments described in Figure 14. For each tissue, values for the 
percent inhibition of [^H]flunitrazepam binding for each of the 12 
inhibitor concentrations from 3 experiments were averaged and were 
analyzed by the nonlinear least squares regression technique described 
in Methods (Chapter 5). 

b n=l corresponds to a regression model describing ligand binding to 
one class of sites; n=2 corresponds to a model describing ligand 
binding to two classes of independent sites, Bmax (total) is defined 
as 100 percent. 

c WSS = the weighted residual sum of squares (a measure of the 
variability between the fitted regression and the actual data). 

d Significant, F (2,9) > 10.1, p<0.01. 
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Table 10 

A Two Site Analysis of the Effects of (+)Bicuculline on the Inhibition 
of [3H]Flunitrazepam Binding by CL 218,872 in the Presence and 
Absence of GABA in Membranes Prepared From Rat Cerebral Cortex3 

Parameters'3 
Addition • 

IC50H(nM) BmaxH (*) IC50L(nM) 

Control 101 ± 1 68 2 3,500 ± 200 

lOOuM GABA 29 ± 2 51 ± 1 1,200 100 

IOO11M (+)BCc 402 ± 37 75 ± 2 16,000 ± 2,000 

BC and GABAd 380 ± 56 67 ± 4 7,900 ± 1,400 

aData from the experiments described in Table 8 were analyzed by the 
nonlinear least squares regression techniques described in Methods 
(Chapter 5) and in Table 9. Analyses revealed that for each set of 
data, a 2 site model gave an improved fit over a 1 site model (p < 
0.01) .  

blCsoH and IC50L are concentrations of CL 218,872 needed to 
cause 50 percent inhibiton of the high and low affinity benzodiazepine 
binding sites, respectively. Bmaxn "is the proportion of high 
affinity benzodiazepine binding sites. 

cBC = (+)bicuculline 

d100uM, each 
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Figure 14. 3H Flunitraze am Binding by 
Ro 5-4864 (o , Flunitrazeoam • , Diazepam 6 and Cl 218,872 ! . 
The dashed curve represents the approximate location and shape for the 
inhibition of [3H ] flunitrazepam by six different benzodiazepines 
(clonazepam, flurazepam, lorazepam, nitrazepam, clobazam and 
desmethyldiazepam). The data for the dashed curve and for the curves 
representing Ro 5-4864 and diazepam were obtained from the experiments 
described in Chapter 3 (Table 4). The data for flunitrazepam and Cl 
218,872 were obtained from the experiments wh i ch were conducted as 
described in Methods (Chapter 5) using membranes prepared by method A 
and represent the mean of triplicate determinations from a typical 
experiment. An indication of the maximum variability of the data is 
given as the standard deviation of [3H]flunitrazepam binding in the 
absence of inhibitor. The data have been corrected for nonspecific 
filter binding but not for nonspecific tissue binding. The mean ± 
S.E.M. of the slope factors for Cl 218,872 from 3 separate experiments 
was 0.99 ± 0.13; for flunitrazepam it was 0.97 ± 0.04. 



88 

100 

Retina Cerebellum 

10 8 6 10 8 

-log Inhibitor (M) - log lnh1bi tor (M) 

Figure 15. The Inhibition of 3H Flunitraze am Bindin b Unlabeled 
Flunitrazeoam • and by CL 218,872 o in the Bovine Retina and Rat 
Cerebellum. 
The inhibition of [3H]flunitrazepam binding was studied as described 
in Methods (Chapter 5) using membranes prepared by method A. These 
data are corrected for filter binding and reoresent means ± S.E.M. 's 
from 3 separate experiments (points without error bars had a S.E.M. of 
< 1.0 percent). After correction for nonspecific tissue binding, 
logit-log analyses of these curves ~ave slope factors in the 
cerebellum of 0.85 for CL 218,872 and 0.88 for flunitrazepam; in the 
retina values of 0.66 and 1.06 were obtained, respectively. 
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(o) of 100 uM GABA. . 
The inhibition of [3H]flunitrazepam binding was studied as described 
in Methods (Chapter 5) using renal membranes prepared by method B. 
Data represents means± S.E.M. 1 S. The ICso's are 4.6 uM and 2.5 uM in 
the presence and absence of GABA, respectively. 



CHAPTER 6 

CONCLUSIONS AND SPECULATIONS 

The major findings and conclusions of this dissertation include 

the following. First, as indicated by the ontogeny of ' 

[Hjflunitrazepam binding and by the decrease in retinal 

[ Hjflunitrazepam binding after neonatal MSG treatment, it appears 

that central benzodiazepine binding sites have a neuronal localization 

and are likely to be involved with GABAergic neurotransmission. 

Second, the characteristics of the central and of the peripheral 

benzodiazepine binding sites have been distinguished by their 

responsiveness to GABA and by the parameters of CL 218,872 inhibition 

of [Hjflunitrazepam binding. These findings indicate that central 

benzodiazepine binding sites are pharmacologically relevant, while the 

peripheral sites are of unknown pharmacologic significance. The 

peripheral sites in the kidney may be of some physiologic or 

pathophysiologic relevance as indicated by their regional distribution 

and by their increase during deoxycorticosterone-salt hypertension. 

Third, among the central benzodiazepine binding sites, the inhibition 

of [Hjflunitrazepam binding by CL 218,872 shows greater 

similarities between the retina and cerebral cortex than between the 

cerebral cortex and cerebellum; additionally, this inhibition does not 

show simple mass action kinetics. A possible explanation of the 

latter findings is that CL 218,872 recognizes two classes of central 

benzodiazepine binding sites among the apparently uniform population 
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3 of sites labeled by [ Hjflunitrazepam. If this is true, then the 

same high and low affinity central benzodiazepine binding sites are 

present in the retina, cerebral cortex and cerebellum but the ratio of 

these sites is variable. Finally, several results suggest that a GABA 

receptor is closely coupled to the central benzodiazepine binding site 

and that this GABA receptor allosterically modifies the affinity of 

the central benzodiazepine binding site. Results which support this 

contention include: the finding that GABA enhances 

3 [ H]flunitrazepam binding throughout development, the finding that 

GABA enhances CL 218,872 inhibition of [ H]flunitrazepam binding and 

observation that both of these GABA enhancements can be antagonized 

with (+)bicuculline. 

The results of this and other published studies have 

established the central benzodiazepine binding sites as existent 

components in the mechanism of action of the benzodiazepines. A 

number of important questions, however, continue to be challenging 

problems to our understanding of the pharmacology, biochemistry and 

physiology of benzodiazepine binding sites. 

One of these questions concerns the possibility of an -

endogenous ligand for the central benzodiazepine receptor. A spectrum 

of biochemicals have been posed as endogenous ligands but aside from 

the initial reports only the purines and the e-carbolines have 

received additional attention (see Tallman et al., 1980; Martin, 

1980). The purines, inosine and hypoxanthine, were first isolated and 

identified as endogenous inhibitors of [ Hjdiazepam binding by 

several groups (Skolnick et al., 1978; Asano and Spector, 1979; Mohler 
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et al., 1979); however, the rather low affinity of these purines for 

the benzodiazepine receptor (~1 mM) cast doubt on their role as 

endogenous ligands, particularly in view of the low concentrations of 

these purines in the brain (20-60 jiM). Notwithstanding, Skolnick and 

his colleagues have amassed evidence in support of this hypothesis 

(Skolnick et al., 1980b). For example, evidence is cited that only 

10-20 percent occupancy of the benzodiazepine receptor is necessary 

for certain pharmacologic effects of the benzodiazepines, and it is 

noted that the purines do not interact with peripheral benzodiazepine 

binding sites. Additionally, like the benzodiazepines, inosine can 

increase pentylenetetrazole induced seizure latency (Skolnick et al., 

1980b). In a recent publication, however, the same authors found that 

inosine reverses diazepam induced stimulation of mouse exploratory 

behavior, suggesting that the purines and the benzodiazepines have 

antagonistic effects (Crawley et al., 1981). No attempt was made to 

rectify these observations. Other evidence which has been gathered to 

support the role of purines as endogenous ligands of the 

benzodiazepine receptor has been some electrophysiologic studies on 

cultured mouse spinal cord (MacDonald et al., 1979) and observations 

on the similarities between the structures of some prospective 

anxiolytic drugs and the purines (see Figure 13 and Skolnick et al., 

1980b). These studies are fragmentary and incomplete. For instance, 

in the electrophysiologic study no other purines except inosine were 

utilized and in the study of diazepam induced mouse exploratory 

behavior, it appeared that inosine was more potent than 

2'-deoxyinosine, although in binding studies the reverse is true 
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(Marangos et al., 1979). The potential for some type of interaction 

of purines with the mechanism of action of the benzodiazepines exists 

but more work will be necessary to elucidate the physiologic and 

pharmacologic significance of this interaction. 

An exciting development in the quest for endogenous ligands has 

been the finding that congeners of the B-carbolines (see Figure 17) 

can bind to central benzodiazepine binding sites. Braestrup et al. 

(1980) isolated the ethyl ester of e-carboline-3-carboxylate from 

human urine and found that it was a potent inhibitor of [ H]diazepam 

binding to rat cerebral membranes (ICgQ - 10 nM), but not to renal 

membranes. Similarly, Rommelspacher et al. (1980a) found that 

1-methyl-B-carboline and B-carboline could inhibit [ H]flunitrazepam 

binding to rat brain and bovine retina, however, the potency was 

considerably less (IC^q ~ 10 pm). Additionally, ethyl 

B-carboline-3-carboxylate can lower the bicuculline induced seizure 

threshold, can antagonize flurazepam induced sedation and can block 

the protective effect of diazepam on pentylenetetrazole induced 

convulsions (Tenen and Hirsch, 1980; Cowen et al., 1981). These 

results lead to the interesting prospect that the benzodiazepines are 

pharmacologic antagonists of the putative endogenous ligands. 

Several objections however can be raised to the hypothesis that 

the B-carbolines are the endogenous ligands of the central 

benzodiazepine receptor. A formidable problem is that ethyl 

B-carboline-3-carboxylate has never been isolated from mammalian 

tissues and in Braestrup's experiments it was probably formed during 

the isolation procedure. Aside from the current interest, there has 
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Figure 17. The Structures of Some a-Carbolines. 

94 



95 

been considerable prior interest in the identification of e-carbolines 

as real products of mammalian metabolism. This identification has 

proved difficult and to date only three e-carbolines have been shown 

to occur in vivo: tetrahydro-8-carboline, tetrahydro-l-methyl 

3-carboline and 1-methyl-e-carboline (Honecker and Rommelspacher, 

1978; Barker et al., 1979; Rommelspacher et al., 1980b). Of the 

latter compounds, only 1-methyl-e-carboline has a reasonable affinity 

with the central benzodiazepine receptor and although benzodiazepine 

receptors are found throughout the brain, 1-methyl-e-carboline has 

only been found in the arcuate nucleus {Shoemaker et al., 1980) and 

then in rather low concentrations (~ 1 ^M). Even if s-carbolines are 

not the endogenous ligands, the finding of their interaction with 

central benzodiazepine binding sites has at least two important 

consequences. First it explains the pharmacologic effects of the 

harmala alkaloids whose major active constituents are the e-carbolines 

(Ho, 1977). Second, although the presently known 8-carbolines may not 

be the endogenous ligands, a congener or a larger compound 

incorporating their structure may, and thus, future research can be 

directed with this in mind. 

Other research of particular importance to our understanding of 

the molecular pharmacology of the benzodiazepines involves studies of 

the solubilization of benzodiazepine binding sites. A number of 

reports have appeared in this area and they shed light on the extent 

of the GA8A-benzodiazepine receptor interaction and on the possible 

heterogeneity of benzodiazepine binding sites. Using a number of 

different techniques, solubilized benzodiazepine binding sites have 
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been obtained which show the proper pharmacologic affinities for the 

central type receptor and which show GABA enhancement of tritiated 

benzodiazepine binding (Gavish and Snyder, 1980b; Sieghart and 

Karobath, 1980; Sherman-Gold and Dudai, 1980; Asano and Ogasawara, 

1980). These results suggest that the GABA binding site which 

mediates an increase in benzodiazepine affinity may be an integral 

part of the molecular structure of the benzodiazepine receptor. This 

conclusion is supported by the observations that GABA and the 

benzodiazepines have a reciprocal ability to specifically protect 
o 2 
[ H]muscimol and [ H]flunitrazepam binding sites from heat 

inactivation (Gavish and Snyder, 1980a). Yousufi et al. (1979), 

however, did not find a GABA enhancement of [ H]diazepam binding in 

a solubilized receptor preparation, suggesting that the GABA binding 

site may be a subunit of the benzodiazepine receptor or that it may be 

labile to their solubilization techniques. 

A finding of special importance to the results reported in 

Chapter 5 was that of multiple [ H]flunitrazepam binding sites in a 

preparation of soluble receptors (Sieghart and Karobath, 1980). Two 

of these soluble binding sites' are present in the cerebral cortex, but 

only one of them can be detected in the cerebellum. Interestingly, 

both of the binding sites in the cerebral cortex show enhanced 

[ H]flunitrazepam binding in the presence of GABA. Other groups 

have also observed multiple benzodiazepine binding sites in soluble 

receptor preparations, however except for the major binding site, the 

characteristics of the other sites were not reported (Asano and 

Ogasawara, 1980; Johnson et al., 1980). 
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Other problems of future interest will be to ascertain how well 

the concept of multiple central benzodiazepine receptors explains the 

multiple pharmacologic effects of the benzodiazepines, and more 

generally, to determine whether the actions of other classes of 

sedative-hypnotic drugs also involve the GABA-benzodiazepine receptor 

system. 8arbiturates produce many of the same pharmacologic effects 

as the benzodiazepines and like the benzodiazepines, barbiturates can 

enhance pre- and postsynaptic inhibition in the central nervous system 

(Haefely, 1977). Although numerous groups have studied the effects of 

barbiturates on tritiated benzodiazepine binding, there have been no 

reports of competitive inhibition; recently however, barbiturates were 

found to specifically enhance [ H]diazepam binding by an increase in 

affinity (Leeb-Lundberg et al., 1980). This finding suggests that 

some of the common pharmacologic effects of the benzodiazepines and 

barbiturates might be explained by a common interaction with the same 

GABA-benzodiazepine receptor-chloride conductance system. 

Unfortunately the best correlation of the enhancement of 

[3H]diazepam binding by barbiturates is with anesthetic potency, a 

pharmacologic action that the benzodiazepines lack. 

The findings of central benzodiazepine receptor heterogeneity 

offers a possible mechanism for explaining the different pharmacologic 

effects of the benzodiazepines. For example it is claimed by Klepner 

et al. (1979) that CL 218,872 has anxiolytic activity but that it does 

not have anticonvulsant or hypnotic activity. Perhaps the putative 

high affinity CL 218,872 binding site only mediates the anxiolytic 

effects of CL 218,872 and of the benzodiazepines. More work is needed 
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to elucidate these possibilities; in the meantime however, at least 

some of the unique pharmacologic effects of the benzodiazepines may be 

explained by actions in different parts of the central nervous 

system. For instance muscle relaxant effects may be the result of 

interactions with benzodiazepine binding sites in the spinal cord, 

ataxic effects may reflect interactions in the cerebellum and amnesic 

activity may be the result of interactions in the hippocampus. Again, 

considerable effort will be necessary to determine the relative role 

of anatomic specificity versus receptor subtype specificity in the 

mechanism of action of the benzodiazepines. 

A final consideration is that of the possible significance of 

the peripheral benzodiazepine receptor. It has been suggested in this 

dissertation that the renal benzodiazepine binding site might be 

physiologically significant since its density can be regulated and 

since it shows a unique intrarenal distribution. Of considerable 

importance to this hypothesis is the recent finding that 

benzodiazepines can inhibit electrically induced contractions of 

guinea pig ileum longitudinal muscle (Hullihan et al., 1981). This 

inhibition is dose-dependent and shows the following order of 

potency: Ro 5-4864 > diazepam > clonazepam, i.e. the same order of 

potency that is found for the inhibition of tritiated benzodiazepine 

binding to the peripheral binding site. A challenging problem will be 

to determine if there is a corresponding effect in the kidney or in 

other areas where peripheral benzodiazepine binding sites have been 

found (glia, mast cells and platelets). An even greater problem, and 

one whose answer might be or of profound importance, will be to find 
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out the actual physiologic or pharmacologic significance of these 

sites. A personal speculation is that the peripheral benzodiazepine 

binding sites might be related to a GABA binding site involved in GABA 

uptake in the case of glia or GABA transport in the case of the 

kidney. The basis of this speculation are the observations that the 

primary structure of many specific biological recognition sites, i.e. 

calcium binding sites, oxygen binding sites, are conserved although 

the structure and function of the rest of the molecule may be 

different. Since the central benzodiazepine binding site is apt to be 

associated with a GABA recognition site involved in neurotransmission, 

it seems possible that other benzodiazepine binding sites may be 

associated with other GABA recognition sites: although due to the 

structural differences in the rest of the molecule, the properties of 

the individual GABA binding and/or benzodiazepine binding sites are 

different. 

In summary our understanding of the mechanism of action of the 

benzodiazepines has vastly increased in the last five years, however 

this increase is probably minusule compared to what the future holds 

in store. In the future are discoveries of the physiologic mechanisms 

of anxiety, and more specific and effective means of treating 

pathological anxiety. There are other discoveries too, but revealing 

them would spoil the surprise. 
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